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Introduction

1 Introduction

Intraspecific communication within various animal species has been the subject
of research since many years (e.g. Bradbury & Vehrencamp 1998). Beyond the
descriptive analysis of behaviour one tries to understand the neuronal mechanisms
that cause the complexity of social interactions. These mechanisms may be
processes of recognition, identification and the release of an appropriate response. In
order to identify the function of the underlying neuronal networks, a model system
with a reduced complexity can be used that exhibits inherited and stereotyped
behaviour. Additionally, the system needs to be easily accessible and a behavioural
response should clearly define the parameters of recognition. The acoustic
communication in insects may serve as such a model. Due to the conserved
principles of information processing within nervous networks one may transfer some
of the findings obtained in “simple” networks for a better understanding of complex
ones.

Acoustic communication in orthoptera. The research in acoustic communication
has experienced special attention in the context of pair formation and courtship in
orthopterans (e.g. Alexander 1967; Ewing 1984; Gerhardt & Huber 2002). In
ensiferans, airborne signals are generated by rubbing both forewings against each
other (Simmons 1988; Heller 1990). Male crickets produce a calling song that causes
positive phonotaxis in the mute conspecific female and thus, drastically increases the
probability of encounter (Otte 1992). In many singing grasshopper species, the song
of the male is answered by the female, which then results in mutual positive
phonotaxis (Helversen & Helversen 1983). This can also be observed in certain bush
crickets species where, for example, males produce a more or less complex calling
song that is answered by the female with a single short click (Heller 1990; Stumpner
& Meyer 2001; Tauber et al. 2001; review: Bailey 2003). However, acoustic signals -
with transmission of the signal through the environment to the receiver - often
involves (i) the danger of being detected by predators (Cade 1984; Sakaluk &
Belwood 1984), (i) a potentially low signal to noise ratio for long distance calls
(Michelsen 1978; Forrest 1994), (iii) attraction of heterospecific females possibly
leading to hybridisation (Harrison 1986; Vedenina & Helversen 2003), while its main
function is to ensure a correct “understanding” by the conspecific female (Stabel
et al. 1989; Doherty 1991). The latter is achieved by a close behavioural tuning of the
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partner to the species specific song that leads to a positive phonotactic response.
The identification of potential predators, on the other hand, should elicit the opposite
behaviour (Moiseff et al. 1978; Nolan & Hoy 1986). The song of a species clearly
defines the singer as conspecific and may also transmit secondary informations as,
for example, the constitutional health of the singer (e.g. Ryder & Siva-Jothy 2000).
Nevertheless, “understanding” the song structure and identification as being
conspecific requires a neuronal network that is capable of extracting the species
specific parameters. Many behavioural and neurophysiological studies have been
performed in orthopteran species to shed light on the potential mechanisms behind
the recognition process (Pollack & Hoy 1979; Schildberger 1984a; Schul 1998),
whereby decisive steps of pattern recognition seem to be made within the brain
(Ronacher et al. 1986; Bauer & Helversen 1987, Pires & Hoy 1992).

A system that has the vantage of being relatively easy accessible and where
the parameters of song recognition are clearly defined, is found in the duetting bush
cricket Ancistrura nigrovittata (Brunner von Wattenwyl, 1878). Extensive knowledge
about the behavioural responses and neuronal processing of auditory information on
the first level of the central nervous system (CNS) has been gathered in the last 20
years (Heller & Helversen 1986; Dobler et al. 1994a, b; Stumpner 1997, 1999a;
Stumpner & Molina 2006). Completely missing, so far, is knowledge about
processing of auditory information in the brain - the location where most likely the
final steps of recognition take place.

Behaviour of Ancistrura nigrovittata. For mate finding males of the southern-
european bush cricket Ancistrura nigrovittata (Phaneropterinae, Barbitistini) produce
a calling song to which motivated conspecific females respond (Figure 1). An
analysis of the relevant temporal and spectral parameters of the duet was the main
subject in the work of Dobler et al. (1994a, b) and partly of Heller & Helversen (1986).
With the detailed knowledge about the important elements in the song of
A. nigrovittata for the phonotactic behaviour a comparison to the activity of auditory
neurons can be made.

The male calling song comprises a sequence of verses whereby each verse
consists of a series of 5 to 9 syllables (“syllable group”; pulse/pause duration:
approximately 7/22 ms) and a single syllable - the so called “trigger syllable” - that
follows the syllable group with a constant latency of ca. 400 ms. Both elements of the
male song were thoroughly tested by variations of the temporal structure in
behavioural experiments with female A. nigrovittata (Dobler etal. 1994a). A
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presentation of an artificial song elicited the highest responses of females at the
natural values. The syllable group, for example, which has to contain at least 5
syllables, plays a particularly important role in the recognition process. Models of the
male calling song with increased or decreased pulse durations cause a successively
reduced response in females. The same holds true for variations of the pause
duration between pulses. The final trigger syllable, on the other hand, plays a crucial
role in the release of the female answer. Highest behavioural responses were found
at natural values only, when the latency of the trigger pulse to the syllable group was
varied. The response of the female, however, consists of a short tick (ca. 1 ms) that
follows the onset of the trigger syllable with a constant latency of about 35 ms (Heller
& Helversen 1986). The latency of the female reply to the male trigger pulse seems
to be important for the male’s recognition process. It has been shown that males
possess a certain time-window, in which the female reply has to occur to be
recognised by the male (Heller & Helversen 1986; Zimmermann etal. 1989).
Preliminary data of behavioural tests with male A. nigrovittata also suggests the
existence of such a time-window. If the latency of the female reply exceeds
approximately 70 ms, the number of male responses decrease (Pierre Gras -
personal communication).

f verse |

syllable group trigger syllable

NIl
d RN i /femalereply H—H*}

? = %

100 ms

Figure 1: Oscillogram of the male song (blue) and the female reply (red) in A. nigrovittata (modified
after Dobler et al. 1994a).

Besides the temporal composition, the duet of A. nigrovittata, furthermore,
comprises a sex specific carrier frequency difference which is uncommon among
other duetting bush crickets that have been examined (Nickle 1976; Heller &
Helversen 1986; Stumpner & Meyer 2001). The male calling song has its maximum
energy peaking between 12-16 kHz, whereas the female reply’'s energy peaks
between 28-30 kHz. This difference in song spectra serves as a parameter (in
addition to the temporal structure) for recognition of the opposite sex in this species.
Behavioural responses of males and females clearly showed a narrow tuning to the
carrier frequency of the opposite song (Dobler etal. 1994b). For the female
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behaviour to artificial male calls, also a dependence on intensity was determined.
The best response activity was found at approximately 20 dB above the behavioural
threshold that decreases with a further increase of intensity (Dobler et al. 1994b).
Non-invasive behavioural experiments can, therefore, reveal the decisive parameters
of a species specific song and may also allow hypothesis about certain underlying
neuronal mechanisms (Helversen & Helversen 1995; Helversen & Helversen 1998;
Bush & Schul 2006). A more precise identification of the neuronal mechanisms,
however, can be achieved with intracellular recordings of the participating nerve
cells.

Sound gathering apparatus of A. nigrovittata. Is behavioural tuning to the song
of the conspecific partner just a passive by-product of the sound gathering
structures? In general, these structures do partly contribute to the process of
recognition due to their biophysical properties. A fundamental discovery for the
mammalian ear was the spatial mapping of carrier frequencies along the basilar
membrane, which is also known as “tonotopy” (Békésy 1960). This tonotopy bases
on a sound evoked displacement of the basilar membrane at a carrier frequency
specific area. Thus, a discrimination of different carrier frequencies is made possible
and the filtered information can then be transmitted via afferent nerve cells (sensory
neurons) to the central nervous system (for a review see: Robles & Ruggero 2001).

Also in hearing insects such a tonotopy - in some aspects strikingly similar to
mammals - can be found (e.g. Michelsen 1971; Oldfield 1982; Oldfield et al. 1986;
Stolting & Stumpner 1998). The crista acustica of A. nigrovittata comprises about 35
to 37 receptor cells that are aligned along parts of the acoustic trachea. This trachea
forwards most of the airborne sound from the spiracle to the tympanum, which is
situated near the “knee” of the foreleg (Heinrich et al. 1993; Michelsen et al. 1994;
Stumpner 1996 - Figure 2 left). In the crista acustica the size of the cap cells and
scolopidia gradually decrease in distal direction, alongside with the tuning to higher
carrier frequencies of the primary afferents (Schwabe 1906, Oldfield 1982; Lin et al.
1993). Thus, each receptor represents a more or less narrow frequency band
(Figure 2 right), whereas a dependence of spike activity on temporal patterns could
not be shown (Schul 1997). The compartmentalised information about carrier
frequency can then be forwarded via the auditory nerve to the CNS (Romer 1983).
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Figure 2: Left: Crista acustica of A. nigrovittata. Right: Frequency tuning curves of the receptor cells
that are marked correspondingly in the crista acustica (left). Dotted line indicates the overall hearing
threshold. Modified after Stumpner (2001).

Central neuronal organisation of A. nigrovittata. At what point of the specimen’s
nervous system may the mechanisms, responsible for the recognition of the
conspecific partner, be situated? First of all, tonotopic organisation of carrier
frequency can also be found in the auditory neuropil of the prothoracic ganglion - the
“first station” of central auditory processing (Oldfield 1983; Rémer 1983; Stumpner
1996). Here, the acoustic information of afferents is picked up by auditory
interneurons that exhibit manifold physiological and morphological characteristics
(e.g. Romer 1987; Romer et al. 1988; Stumpner 2001; Stumpner & Helversen 2001;
Stumpner & Molina 2006).

The omega neuron, the hemiganglionic cells (SN) and some dorsal-unpaired-
median (DUM) neurons are local auditory interneurons in A. nigrovittata (Stumpner
2001; Molina & Stumpner 2005). DUM neurons are described in numerous studies,
whereby most of them do not respond to sound (Gras et al. 1990). Little information
is available about DUM neurons that are activated by sound. They seem to have a
direct synaptic connection to afferents (but additionally receive frequency specific
inhibition). Their main function is thought to be the inhibition of other auditory
interneurons  (Stumpner 2001, 2002; Strith & Stumpner 2009; personal
communication: A. Stumpner). At least two SN’s can be found in A. nigrovittata with a
broad frequency tuning. Their potential contribution to song recognition, though, is
completely obscure (Stumpner 2001). Many studies concentrated on the physiology
and morphology of the omega neuron (ON1) (in crickets: Popov et al. 1978; Atkins &
Pollack 1986; in bush crickets: Romer & Krusch 2000; Molina & Stumpner 2005),
which obviously is homologous in bush crickets and crickets (Zhantiev and
Korsunovskaya 1983). For crickets also an additional omega neuron (ON2) is known
that has not been found in bush crickets (Wohlers & Huber 1982; Watson & Hardt
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1996). The main function of the broadly tuned ONL1 is seen in the inhibition of
contralateral neurons and therefore, to play a major role in the processing of
directional cues (Selverston etal. 1985; Stumpner etal. 1995; Romer & Krusch
2000), which has also been demonstrated for A. nigrovittata (Molina & Stumpner
2005). Furthermore, in crickets a participation in the analysis of temporal parameters
is suggested by a few authors (Wiese & Eilts 1985; Nabatiyan et al. 2003). Certainly,
not all behavioural responses regarding the localisation and recognition may be
explained by response properties of the local omega neuron alone (Atkins et al.
1984).

Other interneuron types possess dendritic arborisations in the prothorax and an
axon that descends to the abdominal ganglia or an axon that ascends to the brain or
both (Stumpner 1995; Stumpner & Molina 2006). In A. nigrovittata some descending
neurons (DNs) are known, that seem to be broadly tuned but most are responsive to
vibrations. The potential contribution in the processing of conspecific signals is
unknown (Stumpner 2001; Stritih & Stumpner 2009). Descending neurons have also
been described for crickets with similar physiological properties (Wohlers & Huber
1982; Atkins & Pollack 1987a, b). Two interneurons are known in A. nigrovittata,
namely T-shaped neuron 1 and 3 (TN1 and TN3), that have two axons - one
descending to the abdominal ganglia and one ascending to the brain (Stumpner
1999a, 2001). TN3 may only play a role in thoracic processing, since it produces
strong excitatory postsynaptic potentials (EPSPs) whereas only occasionally spikes
are elicited (Stumpner & Molina 2006). TN1, on the other hand, may play a profound
role in the processing of conspecific signals, since its spiking thresholds especially
for ultrasonic frequencies are low (for carrier frequencies above 20 kHz close to the
minimal threshold obtained from various primary afferents) (Stumpner 1999a;
Stumpner & Molina 2006). TN1 responds well to the complete duet (with a strong
coupling to the temporal pattern), whereas strongest responses are found to the
female answer (Stumpner & Molina 2006). Additionally to a descending axon, TN1
exhibits an axon ascending to the auditory neuropil of the brain with dense
arborisations indicating its main region of axonal output (Figure 3). Putative
homologues were found in several ensiferan species (Wohlers & Huber 1985; Romer
et al. 1988; Stritih & Stumpner 2009; Triblehorn & Schul 2009). The interneuron AN5-
AGY7 (also referred to as “AN5”) of A. nigrovittata has a unique morphology among
the auditory neurons of bush crickets and crickets, since no homologues were found
so far (Stumpner 1999a). The soma of AN5 is located in the seventh abdominal
ganglion, whereas its major dendritic input is situated in the auditory neuropil of the

6
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prothorax closely overlapping with afferents that are tuned to ultrasonic frequencies
(Figure 3). The axonal output of AN5 is found in the auditory neuropil in the lateral
protocerebrum of the brain. Its spiking response is highest to the female song
frequency (ca. 28 kHz), which mirrors the overlap with the receptors. In addition, AN5
receives strong inhibition at frequencies below 24 kHz. These findings strongly
suggest ANS to be involved in the analysis of the female reply (Stumpner 1999b).

ANS-AG7 AN1 AN2 AN3

Figure 3: Morphology of all auditory interneurons described so far that possess an axon ascending in
the lateral protocerebrum of the brain of A. nigrovittata (except AN4). Bar represents 200 um.
Drawings from A. Stumpner (AN2) and modified after Stumpner 1997 (AN1), 1999a (TN1 and AN5-
AGT7), Stumpner & Molina 2006 (AN3).

Auditory interneurons in A. nigrovittata that exhibit an axon ascending to the
brain only, are ascending neuron 1, 2, 3 and 4 (AN1-4) (Stumpner & Molina 2006).
Among these neurons, AN1 (Figure 3) exhibits response characteristics that suggest
a critical involvement in male song processing (Stumpner 1997). With highest spike
activity between 12 and 16 kHz it is narrowly tuned to the male song frequency. This
tuning is, to a minor degree, due to an overlap with primary afferents that process a
similar frequency range. The main factor for frequency selectivity, however, is the
inhibition that AN1 receives at carrier frequencies below and above 15 kHz. This
selectivity of frequency vanishes mainly (but not exclusively) when picrotoxin, a
y-aminobuturic acid-A (GABAa.) channel blocker, is applied (Stumpner 1998) (a
substance known to remove all inhibition in the invertebrate CNS - Robbins & van der
Kloot 1958). Then, AN1’s tuning is as broadly banded as found in the omega neuron
(Stumpner 2002). Little dependence on temporal pattern is found in the response of
AN1, although a good coupling to the male calling song is found (Stumpner 1997,
Stumpner & Molina 2006). AN2 is an ascending neuron that exhibits, additionally to
the common arborisation sites, dense presumably postsynaptic ramifications in the
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deutocerebrum of the brain (Figure 3). Therefore, it is most likely that AN2 receives a
secondary input (besides the auditory input in the prothoracic ganglion) in the brain
that cannot be recorded in the thorax. Thoracic recordings revealed a lowest
threshold of AN2’s response for frequencies close to the male song frequency (ca.
14-16 kHz - not as low as found for AN1) and strong frequency dependent inhibition
(Stumpner 2001; Stumpner & Molina 2006). The third ascending neuron in
A. nigrovittata, namely AN3, exhibits tonic response characteristics (similar as found
for receptors) to all stimulus pattern for a broad range of frequencies. AN3 is
discussed to function as a “reference channel” for other neurons that signals the
arrival of airborne sound with no specific selectivity to carrier frequency or temporal
pattern. Its morphology is similar to that of AN1 (Figure 3), although more dendritic
ramifications are found on the soma-ipsilateral side, which is reflected in a bilateral
excitation of AN3 (Stumpner & Molina 2006). The response of AN3, therefore, shows
only little directional dependence. AN4 has lowest response thresholds between 20
and 35 kHz (50 dB SPL) and can be clearly distinguished from other ascending
neurons by its morphology (not displayed in Figure 3, but see Stumpner & Molina
2006). Its soma is located posteriorly and only few arborisations are found in the
auditory neuropil in the lateral protocerebrum of the brain (Stumpner 2001; Stumpner
& Molina 2006). For most of the ascending neurons described above, also
homologues were found in other bush crickets (Rémer et al. 1988; Sickmann 1996;
Stumpner 2002) as well as in crickets (Wohlers & Huber 1982; Hennig 1988).

The data obtained from thoracic recordings in the past reveal filter properties of
auditory neurons that show correlations to some, but not all of the behavioural
responses found in A. nigrovittata. Therefore, a filtering of species specific song
parameters, which shows a more closely correlation to the behaviour, can be
expected on subsequent levels of auditory processing.

No auditory interneuron has been identified in the brain of any bush cricket so
far. In Ancistrura nigrovittata nothing is known about the processing of conspecific
signals in the brain. Thus, the present work will concentrate on the “second station”
of auditory processing in the CNS of A. nigrovittata. The following major questions
will be addressed:

1. What is the information arriving in the brain? Can the response properties of
ascending neurons, described from thoracic recordings in the dendritic area,
be verified when the recordings are performed from the axonal terminals in the
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brain? Are there more ascending neurons, not described from thoracic
recordings so far?

. What types of local auditory neurons are found in the brain of A. nigrovittata?
Are they obvious homologous to brain neurons described in crickets?

. What types of auditory processing are found in the brain with special
emphasis on filtering of carrier frequency of male song and female reply and
on conspecific temporal parameters? Are there mechanisms of processing not
identified in the thorax?
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2 Material and Methods

2.1 Laboratory breeding of Ancistrura nigrovittata

Egg storage. The eggs for the laboratory breeding were obtained from wild type
animals (caught in the surrounding area of Thessaloniki, Greece) or the F1-
generation (reared in the laboratory, Gottingen) of Ancistrura nigrovittata (Brunner
von Wattenwyl, 1878). Fine sand or Vermiculite (Deutsche Vermiculite Dammstoff
GmbH) in small containers on the floor of the rearing cages was used as substrate
for egg deposition. The eggs were stored in petri dishes with Vermiculite until
hatching. To prevent the eggs from drying out it is of particular importance to keep
the soil under constant moisture. For embryo development the eggs were kept at
25T for one to four month until entering the diapause. When the eye spot was
clearly seen through the egg sheath, using bright light from below and a binocular
stereoscope for optical control, the eggs (ca. 30 eggs per petri dish) were stored at
approximately 5T for six month. Subsequently, the eggs were kept at 14C, where
the hatching started (in the petri dish) not later than 2 weeks.

Rearing of juvenile stages. The hatchlings were transferred from the petri dish
to a small cage (15 x 12 x 12cm covered with plastic mesh) in groups of
12 individuals at maximum. Small cages were used to increase the chance for the
animals of finding food, which consisted of leafs of Rubus idaeus, Prunus spinosa,
Cornus sanguinea, Rosa canina, Carpinus betulus and Rubus fruticosus. The latter
was mostly fed during the winter time. A full nutrient concentrate for crickets (Nekton)
served as additional food source. The temperature was maintained at 21 to 23<C.
Further heat and light apart from natural daylight was partially applied with a normal
light bulb and a heating lamp (Osram siccatherm, 250 watt) at a distance of ca.
60 cm to the cage. By the time the animals reached the fourth or fifth juvenile stage
(5 stages in total) a bigger cage (53 x 22 x 30 cm) was used for rearing groups of 25
to 30 individuals. Animals used in the experiment had to be adult for at least 2 weeks
and the front legs (bearing the ears) were inspected to be undamaged.

10



Material and Methods

2.2 Animal preparation

The experimental animal was briefly anaesthetised with CO, (ca. 2 min.) before
fixing its ventral side to a plastic holder using a wax-colophonium mixture (2:1). The
head capsule was bent with its mandibles touching the thorax and fixed to the holder
by its antennae and genae. This provides a nearly horizontal brain position. Hind and
middle legs were fixed to the plastic holder, while the tarsi of the front legs were
attached to wires in a normal standing position.

In order to expose the brain the vertex and epicranium of the head capsule had
to be removed first. The muscles were extracted by cutting the lateral sclerites, where
the muscles are attached to. To ensure stable recording conditions in the head
capsule, the gastrointestinal tract was constricted with a twine and then stretched
until the tension minimised all disturbing movements. The brain was stabilised with a
pretzel-like bended steel needle (minutien pin) from below. A small crump of
collagenase (Sigma) was liquefied on a piece of cellulose and laid on the air exposed
brain tissue for approximately 18 seconds. To remove remains of collagenase from
the brain several washes with a saline solution (see Appendix and Fielden 1960)
followed. This method simplifies the penetration of the brain sheath. From now on the
brain was covered with saline during the whole course of the experiment. To reduce
the disturbance by potential trachea or gastrointestinal tract movement a small metal
ring (bended minutien pin held by a micromanipulator) was gently placed on top of
the brain.

The experiments comply with the “Principles of animal care”, publication No. 86-
23, revised, 1985 of the National Institute of Health, and also with the current laws of
Germany.

2.3 Stimulation

2.3.1 Experimental setup

The prepared animal was placed with the plastic holder on a defined spot in an
anechoic chamber. To exclude disturbing electric fields during experiments the
chamber was also designed as a Faraday cage. Two dynamic loudspeakers
(Dynaudio DF 21, 2-50 kHz) were set on both sides of the preparation at a distance
of 37 cm. The acoustic stimuli consisted of sinusoidal tones and white noise

11
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generated with a computer-controlled stimulator (Lang etal. 1993). This program
also controlled carrier frequency, intensity and pattern of the stimuli and routed these
via an amplifier to the speakers. The brain was magnified with a binocular (Wild M5A)
and illuminated with an 85 watt cold-light source (Philips, Type 13194).

2.3.2 Acoustic stimuli

Search-program. In order to identify neurons that process auditory stimuli white
noise was continuously presented at 70 dB SPL (pulse dur.: 50 ms; pause dur.:
400 ms) and 90dB SPL (pulse dur.: 20 ms; pause dur.: 400 ms). In the late
experiments, an artificial duet (male song at 70 dB SPL plus female answer at 60 dB
SPL - see below for stimulus paradigm) was added to the search program.

Stimuli with varying intensity and carrier frequency. The categorisation of
neurons due to their physiological properties is mainly based on a program that
consisted of stimuli at 4 different frequencies (8, 16, 28 and 38 kHz). The pulses
(dur.: 50 ms; rise/fall time: 2 ms; pause: 250 ms) of each frequency increased in
amplitude from 30 to 90 dB SPL in steps of 10 dB and were repeated 5 times at all
intensities. In the late experiments, pulses presented at 00 dB SPL were added prior
to each intensity series to the program to acquire information about the level of the
neuron’s spontaneous activity immediately before each frequency tested. In the
following, this acoustical program will be referred to as “standard stimuli”.

In another acoustic program an artificial male calling song was presented at 8,
16, 28 and 38 kHz. It consisted of a series of 8 pulses (pulse dur.: 7 ms; rise/fall time:
0.5 ms; pause dur.: 22 ms) that were followed by a single trigger pulse (pulse dur.:
7 ms; rise/fall time: 0.5 ms) after a constant pause of 328 ms (also see Figure 1 for
the natural male calling song). The intensity was increased in steps of 10 dB between
30 and 90 dB SPL (each intensity step was repeated three times; pause between
cycles was ca. 278 ms).

Temporal-programs. In order to test a neuron’s responses to variations of
temporal patterns, stimuli were presented that were either varied in pulse duration or
pause duration while keeping the unchanged parameter at natural values. For this
purpose white noise (70 dB SPL) was used, which was also the case in the
behavioural experiments performed by Dobler et al. (1994a). The overall pulse group
was kept at a constant value of ca. 210 ms (natural duration of the male song pulse
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series that has been tested to be behaviourally most effective - see Dobler et al.
1994a; each cycle was repeated five times and separated by pauses of 300 ms
duration). Consequently, with varying pulse/pause durations also the number of
pulses presented varied. The pulse duration varied between 2 and 25 ms and the
presentation was as follows (constant pause dur. of 22 ms; rise/fall time of the
pulses: 0.5 ms; randomised order; pulse dur./number of pulses): 02/9, 04/9, 07/8,
10/7, 15/6 and 25/5. The stimulus paradigm with variations in pause duration was
composed as follows (constant pulse duration of 7 ms; rise/fall time: 0.5 ms;
randomised order; pause dur./number of pulses): 02/23, 05/18, 10/13, 15/10, 22/8,
35/6 and 61/4. To standardise the effect of adaptation, a 70 dB SPL white noise
pulse (500 ms duration) was given prior (550 ms) to the first stimulus cycle.
Furthermore, the first pulse/pause pattern (not evaluated in the later processing) was
repeated at the end of the paradigm.

Stimuli with variations in an artificial duet. Another program aimed to measure
the carrier frequency dependence of the auditory neuron’s response to the female
reply in a conspecific duet. For this purpose an artificial duet was presented. The
duet consisted of the male calling song (same stimulus pattern as described above,;
70 dB SPL) plus the female answer pulse (3 ms pulse duration; rise/fall time: 0.5 ms;
60 dB SPL) after a constant pause of 35 ms (corresponding to a distance between
the duetting partners of approximately 1.5 m - see chapter 2.5 for the distance
measurements). The carrier frequency was only varied for the female reply pulse (12,
16, 20, 24, 28, 34, 38 and 42 kHz) and each duet cycle was repeated 5 times at each
carrier frequency (pause between cycles: 300 ms). To standardise the effect of
adaptation also the white noise pulse in the beginning as well as the repetition of the
first stimulus cycles at the end of the paradigm was presented (see above).

In another program an artificial duet (male song at 16 kHz and female reply at
28 kHz carrier frequency) was presented and the pause between the female reply
and the male trigger pulse was varied (5, 15, 25, 35, 45, 65 and 85 ms pause
duration). Each duet cycle was repeated 5 times for every pause duration tested
(pause between cycles: 300 ms). To standardise the effect of adaptation also the
white noise pulse in the beginning as well as the repetition of the first stimulus cycles
at the end of the paradigm was presented (see above).
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Stimuli to test a neuron’s response to vibrations. A rough test to determine a
neuron’s response to vibrational stimuli was done by slightly scraping against the
edge of a metal plate at the experimental setup. This stimulus did not evoke any
response in a purely “auditory” neuron.

2.3.3 Calibration

The sound pressure (below also referred to as intensity) of each carrier
frequency was regularly calibrated (dB SPL (RMS) re 2*10™ Pa) with a Briiel & Kjaer
amplifier (2610) and a condenser microphone (Briel & Kjaer: %2 inch 4133 or % inch
4135). The microphone was placed at the position of the preparation and a constant
sinusoidal tone was repeatedly measured, giving an accuracy of +/- 2 dB.

2.4 Recording and staining techniques

2.4.1 Intracellular recording

Thick-walled borosilicate capillaries with inner filaments (OD/ID = 1.0/0.58 mm
and 76 mm length, 1B100F-3, World Precision Instruments) were used for
intracellular or quasi-intracellular recordings (Mcllwain & Creutzfeld 1967). The tips
were produced with a Flaming/Brown micropipette puller (Model P-97, Sutter) and
had resistances of 80-150 MQ when filled with a 3 molar potassium acetate solution.
Two different microelectrode holders were used. A silver wire holder (custom made)
was used during most of the experiments. In a few experiments a half-cell pellet
holder (silver/silver chloride, MEH3S10, World Precision Instruments) was used for
the metal/liquid coupling. The holder was attached to a micromanipulator in the
anechoic chamber that allowed free movement along 3 axes. A grounded Ag/AgCl
wire was immersed into the hemolymph of the abdomen and was used as the
reference electrode. The recordings were amplified tenfold by a DC amplifier (custom
made) and stored on a digital recorder (PC204A, SONY) together with the envelope
of the stimulus.

The search for auditory neurons concentrated on the auditory neuropil in the
lateral protocerebrum of the brain. All recordings were performed at room
temperature and monitored during the experiment with a 20 MHz oscilloscope (Gould
DSO 1604).

14



Material and Methods

2.4.2 Neurobiotin staining

In order to stain a nerve cell during an intracellular recording, the tip of the
capillary was backfilled with 5% neurobiotin (Vector laboratories) in 1 molar
potassium acetate (Kita & Armstrong 1991). The shaft was filled with a 3 molar
potassium acetate solution. The neurobiotin was then applied to the neuron with a
constant positive current of ca. 0.5-1.0 nA. Subsequent to the experiment the
nervous system was dissected, fixed in 4% paraformaldehyde (dissolved in PBS) and
the neurobiotin tracer was coupled to Cy3-conjugated streptavidin (Jackson Immuno
Research laboratories) or fluorescein streptavidin (FITC, Vector laboratories)
according to a modified scheme by Mesce et al. 1993 (see Appendix for the exact
procedure). Then, the brain was dehydrated with successive changes in
ethanol/aqua dest., cleared with methylsalicylate (Merck) and analysed with a
conventional fluorescence microscope (Leica, DM-RB) or a confocal scanning
microscope (Leica, DM-RE TCS SP2). Drawings of the cells were either made using
a LEICA microscope (Dialux 20) and a drawing tube, or a fluorescence microscope
(Zeiss Axioskop) equipped with a Spot CCD camera (Intas).

2.5 Data evaluation

In this study more than 350 auditory neurons were intracellularly recorded and
over 100 of them were clearly classified according to their morphological and/or
physiological properties. The stored physiological data of all neurons was digitised
with TurboLAB (Stemmer TurboLAB 4.0) via an analog-digital converter (DT 2821) at
10 kHz. The evaluation of the exact spike timing and the averaging of original
recordings (to reduce the signal-to-noise ratio) were achieved using the NEUROLAB
program (Hedwig & Knepper 1992). Spikes were counted with programs (custom
made) implemented in TurboPascal in a window of e.g. 15 to 150 ms (intervals
between spikes being not longer than 50 ms) after the onset of the stimulus for 50 ms
pulses. This window was enlarged to 400 ms for the models of the male song
structure or to 700 ms for the male song at varying carrier frequencies.

Data are generally given as mean plus standard error (mean +SE), if they are
averages of the means of several individuals (at least 3 individuals). Otherwise, data
will be given as mean and standard deviation (mean +SD). The number of specimen
is always given as “N”, whereas single values are indicated as “n”.
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The box plots show the medians (black bar; values indicated in the figure), the
upper and lower quartiles (H-spread) and the whiskers (1.5 times the H-spread or the
minima and maxima of the respective values). Statistics were performed using a
freeware program (http://faculty.vassar.edu/lowry/VassarStats.html). The threshold
value for a tuning curve was defined as the intensity of sound of the respective
frequency that elicited one spike above the spontaneous activity level in three out of
five stimuli (also see Stumpner 1997). The values were calculated by interpolating
from responses to succeeding intensity steps. If in intensity scans spiking occurred at
least to 4 out of 5 stimuli with short latency and low variance (standard deviation
lower than 25% of the mean) without the threshold criterion (number of spikes) being
reached at this or the next higher intensity step, a threshold value was nevertheless
extrapolated from this and the preceding intensity step if possible. This occurred only
in AN1 and especially at ultrasonic frequencies, since responses remained weak due
to combined excitatory and inhibitory influence. If no identifiable response was
elicited up to the highest intensity tested (90 dB SPL), the threshold value was set to
100 dB SPL.

The distance reference for the duetting partners (light blue bar in Figure 28B)
expressed by the latency to the male trigger in correlation to the spikes of TN1 was
calculated by adding: (i) the medium response latency of females (25 ms, minus
0.57 ms for the spacing of the speaker with which females were stimulated - Dobler
et al. 1994a), and (ii) a sound delay caused by the distance - (**"*/,ciocity of sound -
value has to be doubled, since the sound of the trigger pulse propagates to the
female and the reply back to the male).

The data was post-processed using EXCEL (Microsoft), CorelDRAW X4, Corel
PHOTO PAINT X4 and Adobe Photoshop (7.0.1).

2.6 Immunohistochemistry

Dissected brains were fixed with 4% paraformaldehyde dissolved in phosphate
buffer for 2 hours at room temperature, embedded in albumin-gelatine and postfixed
in 4% paraformaldehyde overnight at 4C. Frontal se ctions (= horizontal in respect to
the neuro axis) of 40 um thickness were cut with a vibrating blade microtome (VT
1000 S, Leica). The tissue sections were permeabilised in PBS (see Appendix)
containing 1% Triton X-100 (Sigma) for 2 days at 8°C. Nonspecific binding of the
antibody was blocked in 2% normal goat serum (GE-Healthcare) and 3% bovine
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serum albumin (MPI Biomedical) dissolved in PBS-1% Triton for 2 hours at room
temperature. For neuronal staining, anti- HRP serum (rabbit a-HRP; Sigma) was
applied to the sections at a dilution of 1:500 at 8% for 2 days. After washing several
times with PBS, a Cy2-coupled secondary antibody (Cy2 goat a-rabbit IgG,
Rockland) at a dilution of 1:300 was used to visualise immunoreactivity. For nuclear
staining, tissue sections were incubated for 30 minutes at room temperature with
100 pg/mL 4°-6-diamino-2-phenylindole (DAPI; Sigma) dissolved in PBS. Following
several washes in PBS and transfer to PBS with glycerol (1:1), fluorescence was
analysed with a conventional fluorescence microscope (Zeiss Axioskop) equipped
with a Spot CCD camera (Intas).
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3 Results

All intracellular recordings of auditory neurons were carried out in the lateral
protocerebrum of the brain, where the axons of ascending neurons have their major
arborisations. For the anatomical presentation of the lateral protocerebrum and other
prominent neuropils horizontal sections of a brain of Ancistrura nigrovittata were
prepared and subsequently labelled with anti-HRP (anti-horseradish peroxidase)
serum and the nuclear marker DAPI (4"-6-diamino-2-phenylindole) (Figure 4). Anti-
HRP is a specific neuronal surface marker (Jan & Jan 1982) that stains cell bodies
and neurites of neurons (green fluorescence). DAPI, on the other hand, binds to the
DNA of cell bodies (blue fluorescence; Wilson etal. 1990). Therefore, the
combination of both markers can be used to distinguish between somata of neurons
in the cortex and their neurites that form the distinct neuropil regions. For comparison
also a schematic overview of all important brain compartments is shown (strongly
modified from Mdller et al. 1997). The auditory neuropil in the lateral protocerebrum
is indicated by a white/black dashed circle. All morphological descriptions in the brain
will be given as it compares to the neuronal axis of the central nervous system.

Figure 4: Left: Horizontal section through the brain of Ancistrura nigrovittata labelled with anti-HRP
serum (green) and DAPI nuclear stain (blue) showing most of the important neuropils. Bar represents
250 um. Right: Schematic drawing of the neuropils seen in the fluorescent staining (strongly modified
after Muller et al. 1997). White dashed line (left) and grey area (right) indicate the auditory neuropil.
AlL=antennal lobe, CB=central body, LAL=lateral accessory lobe, LP=lateral protocerebrum,
MB=mushroom body, PB=protocerebral bridge, a=anterior.

In the first part of this chapter axonal recordings of ascending neurons will be
compared to recordings collected near the spike generating zone in the thorax
(thoracic recordings were mainly performed by Andreas Stumpner) and differences
as well as similarities concerning the physiology will be shown. In addition,
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recordings of a yet unidentified ascending neuron will be presented. In the second
part of this work the morphology and the physiology of various auditory interneurons
will be demonstrated for the first time in the brain of a bush cricket. The response
properties of individual brain neurons will then be compared with behavioural data
collected in the past (mainly by Susanne Dobler).

3.1 Ascending neurons

3.1.1 Ascending neuron 1 (AN1)

AN1, with its comparatively thick axon and dense axonic arborisations, can be
easily recorded in the lateral protocerebrum of the brain. Distinct physiological
properties allow a clear classification already during the experiments. These
properties consist of action potentials with axonic appearance and a strong phasic-
tonic response to low amplitude 16 kHz stimuli.

Confirmation of morphology. Apart from the analysis of a possible change of a
neuron’s physiology, when recorded in or close to the dendritic input region, also a
confirmation of morphology was performed for some ascending neurons. In Figure 5
a fluorescent (Cy3) labelled axon of AN1 in the brain is displayed (Figure 5 left) and
compared to a drawing of axonal arborisations obtained from a staining performed in
the thorax by A. Stumpner (Figure 5 right). Typical features of this interneuron can be
recognised. These are: (i) the restriction of all axonal arborisations to the lateral
protocerebrum (unlike all other ascending interneurons except AN4) (ii) the two major
collaterals - a caudal and an anterior branch (marked by arrowheads in Figure 5 left)
(i) the characteristic “circle” formed by the finer collaterals of the anterior branch
(also compare to Stumpner 1997 and Figure 3 of this study). The comparative
analysis of these ANl-stainings obtained in different individuals (and different
penetration sites - thorax vs. brain) reveals uniform branching patterns in congruent
regions of the protocerebrum.
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Figure 5: Morphology of two AN1s in the brain of A. nigrovittata in relation to the central body (CB).
Bar represents 200 um. Left: Cy3-staining of AN1 recorded in the brain. Arrowheads mark the caudal
and anterior collaterals (due to the subsequent developing procedure of the Cy3-staining parts of the
collaterals are damaged). Right: Drawing of AN1's brain arborisations from a staining done in the
thorax by A. Stumpner. a=anterior.

Intensity dependence of AN1's response at various carrier frequencies.
Recordings of AN1 in the brain show spikes without any graded potentials indicating
a penetration far away from the spike generating zone (Figure 6A). When a complete
duet (including the female reply) of A. nigrovittata is presented, spiking activity can
only be observed to the male calling song. Stimulation of AN1 with 50 ms pulses for
8, 16, 28 and 38 kHz at increasing intensities (see chapter 2.3.2 for stimulus
parameters; in the following referred to as “standard stimuli”) reveal strongest
responses for 8 (70 - 80 dB SPL) and 16 kHz (50 dB SPL) (Figure 6B). In contrast,
ultrasonic frequencies evoke the lowest response. When comparing the mean spike
counts recorded in the thorax (Figure 6B left) and in the brain (Figure 6B right) a
close match of spike number for the respective frequency and intensity is found. One
major difference becomes evident, though, at the highest intensities tested (80 and
90 dB SPL) - the responses of AN1 in the brain are relatively lower at all frequencies.
This is especially obvious at ultrasonic frequencies. When looking at single AN1
responses at 16 kHz, one can see great variability at high intensities in thoracic
recordings (Figure 6C). This variability in spiking activity results in a higher mean
activity that differs from the mean response of AN1 recorded in the brain.
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Figure 6: Response of AN1 to acoustic stimuli. Blue colouration indicates the carrier frequency of the
male song (16 kHz) and red the carrier of the female reply (28 kHz) (prothoracic data modified from
Stumpner & Molina 2006). A: Example recording of a response to an artificial duet of A. nigrovittata
(male song at 70 dB SPL; female answer at 60 dB SPL; see chapter 2.3.2 for stimulus paradigm).
B: Intensity dependent response of AN1 recorded in the prothorax (left: N=21-24; means and SE) and
in the brain (right: N=13; means and SE) at 8, 16, 28 and 38 kHz (pulse dur.: 50 ms; “standard
stimuli”). C: Normalised response for different individuals recorded at 16 kHz only (pulse dur.: 50 ms).
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A comparison of the female behaviour and the relative spike numbers of AN1 to
16 kHz at increasing intensity is shown in Figure 7. The spike numbers closely
correlate with the behaviour although minor differences are found. For 30 and 40 dB
SPL ANZ1’s activity is higher than the behavioural data. Since female behaviour has
not been tested at 70 - 90 dB SPL (see red dashed line in Figure 7), a comparison to
AN1's response at these intensities can not be drawn.

AN1 - 16 kHz
100 -
g 80 -
S
()]
S 601
®
®
@ 40 -
g ; Figure 7: Intensity response function of AN1
(2] . . . . .
Q o0 4 : (relative spike numbers; brain recording; N=13;
o J 7 means and SE) to 16 kHz stimuli. Red shaded
~/ behaviour area indicates the female behaviour (N=5) to the
0 — . ; T respective carrier frequency (modified from
25 40 55 70 85 Dobler et al. 1994b).

Intensity [dB SPL]

Responses of AN1 to varying temporal parameters. Simplified male model
songs were presented to identify possible filter mechanism of AN1 for relevant song
parameters. In Figure 8A thoracic and brain recordings are compared for varying
pause durations. At all parameters tested thoracic recordings show higher spike
numbers, which are most likely due to depolarisation by the penetration. But the
response strength is widely similar to brain recordings with the clearest difference at
very short pause durations (2 ms). The strongest activity was recorded for 10 ms
pauses with optimum type character. The specificity of the female’s response,
however, cannot be explained by the spiking activity of AN1. A comparison of AN1’'s
responses to different pulse durations is displayed in Figure 8B. Besides an
approximately 20% higher spike number in the thoracic recording than in brain
recordings, a large difference is found at very short pulse durations (2 ms). AN1
shows a comparably low response to short pulses, like e.g. the female answer pulse
(marked as a red data point in Figure 8B right). Hence, AN1 exhibits filter
characteristics that exclude very short pulses (when recorded in the brain) and its
spiking strength correlates closely with the female behaviour up to pulse durations of
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10 ms. This filtering characteristic in AN1 completely vanishes when penetrated close
to the spike initiating zone.
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Figure 8: Mean response of AN1 compared in thoracic (dashed lines; N=12; data modified from
Stumpner & Molina 2006) and brain (solid lines; N=3) recordings to different temporal parameters
(white noise; 70 dB SPL; see chapter 2.3.2 for stimulus paradigm; means and SE). Important natural
parameters are emphasised by coloured data points (blue: male song pause/pulse duration; red:
female’s reply pulse duration). Red shaded area indicates the female behaviour (N=5, modified from
Dobler et al. 1994a). A: Spike number (left) and magnitude of response (right) to stimuli with varying
pause duration. B: Spike number (left) and magnitude of response (right) to stimuli with varying pulse
duration.

Difference in spike latencies. AN1 gets monosynaptical input from auditory
afferents in the prothoracic ganglion (Stumpner 1997). Shortest spike latencies
measured in the thorax lie at 15.2 +0.4 ms (at 16 kHz, 60 dB SPL; mean and SE)
(Figure 9). Axonal recordings of AN1 performed in the brain have an approximate
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distance of 4.2 mm (0.3 mm - deviation depends on the searching spot in the area
of the auditory neuropil in the brain and in the thorax) to the prothoracic recording site
(measured from a photograph of a dissected CNS with the program ImageJ 1.410 -
plugin: NeuronJ; National Institutes of Health) and, therefore, spike latencies in the
brain are markedly higher.
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Shortest spike latencies measured in the brain are 18.6 +0.5 ms (Figure 9 at 16 kHz,
60 dB SPL; mean and SE). Thus, the travelling time of spikes within AN1 is about
3.4 ms, which equals a conduction velocity of 1.2 +0.1 ™/s (the deviation reflects the
approximate error of the recording spot in each auditory neuropil - see above; errors
dependent on the temperature and the size of the animals are disregarded since
averaged latencies are compared). During stimuli outside the range of best response
(e.g. at 30 and 90 dB SPL) the difference of spike latencies between both recording
spots is considerably higher.

3.1.2 Ascending neuron 2 (AN2)

During a typical experiment the axon of AN2 is rarely recorded in the brain. In
addition, AN2’s physiology has no distinct characteristical traits that would ease a
classification during an experiment when recorded in axonal portions. When no
morphological data is available, only the combined evaluation of AN2’s spiking
activity to different acoustical test programs makes a classification possible.
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Intensity dependence of AN2’s response at various frequencies. In Figure 10A
two example recordings of AN2 are displayed. The response to an artificial duet can
be very diverse between individuals. Only in one (out of four) individual the
presentation of the male song evoked no action potentials in AN2, which was
formally known from thoracic recordings for AN5-AG7 only (see chapter 3.1.4).
Mostly few spikes are elicited. But a clear response to the female answer pulse is
always found, which is contrary to the data obtained in the thoracic recording site
(Stumpner & Molina 2006).
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Figure 10: Response of AN2 to acoustic stimuli. Blue colouration indicates the carrier frequency of the
male song (16 kHz) and red colouration the carrier of the female reply (28 kHz) (prothoracic data
modified from Stumpner & Molina 2006). A: Two different example recording of AN2's response to an
artificial duet of A. nigrovittata (male song at 70 dB SPL; female answer at 60 dB SPL; see
chapter 2.3.2 for stimulus paradigm). B: Response of AN2 to standard stimuli (see chapter 2.3.2). Left:
Recordings from the prothorax (N=10-11; means and SE). Right: Recordings from the brain (N=7;
means and SE).
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The intensity dependent response (Figure 10B) shows a strong activity at
ultrasonic frequencies for high intensities which is more distinct in thoracic than in
brain recordings. Contrary, at low intensities (at 50 to 60 dB SPL) responses to
16 kHz always show a slightly higher spiking activity than the responses to other
frequencies when recorded in the thorax. In the brain responses to 28 kHz have
analogue values but the intraindividual variability is very high. An overall comparison
of thoracic and brain recordings reveal similar characteristics for all frequencies
tested. Nevertheless, it is most likely that depolarisation due to penetration alters the
spontaneous activity in AN2, since spiking also occurs to very low intensities at all
frequencies tested (compare 30 dB SPL in Figure 10B left and right). In the brain
recording site no spiking activity could be detected at this intensity.

Response to different frequencies of the female answer in an artificial duet. The
presentation of a complete duet with varying carrier frequency of the female reply
(see chapter 2.3.2 for stimulus parameters) reveals the strongest response to 28 kHz
and a steep roll off to lower and higher frequencies (Figure 11). Therefore, AN2
exhibits a strong filter for the female’s carrier frequency at short pulses (and low
intensities), which is contrary to the response to longer pulses as seen in the intensity
response function above (Figure 10).

frequency of the Q-reply
10 1

Figure 11: Mean response of AN2 (recorded in

the brain) to the female answer with varying

carrier frequency in an artificial duet (N=4; see

chapter 2.3.2 for stimulus paradigm; means and

SE). Blue data point indicates the male’s natural

0 , . . carrier frequency and red data point the natural
10 20 30 40 frequency of the female reply.

Carrier frequency [kHz]

Spike number

Response of AN2 to varying temporal parameters. The spiking activity in AN2 is
increasing with increasing pause durations up to approximately 10 action potentials
(at 60 ms pause duration - Figure 12A). This was already shown from thoracic
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recordings and could be confirmed in the brain although the mean spiking activity
was stronger in the thorax at most pause durations tested.
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Figure 12: Mean response of AN2 compared in thoracic recordings (dashed lines; data modified from
Stumpner & Molina 2006) and brain recordings (solid lines) to different temporal parameters (white
noise; 70 dB SPL; see chapter 2.3.2 for stimulus paradigms; means and SE). Important natural
parameters are emphasised (blue: male song pause/pulse duration; red: female reply pulse duration).
Red shaded area indicates female behaviour (N=5, modified from Dobler et al. 1994a). A: Spike
number (left) and magnitude of response (right) to stimuli with varying pause duration (thorax: N=16;
brain: N=6). B: Spike number (left) and magnitude of response (right) to stimuli with varying pulse
durations (thorax: N=12; brain: N=3).

From the data collected in the thoracic region AN2 was considered (among
other ascending neurons) to play a role in the female preference for variations in
pause duration (Stumpner & Molina 2006). Data from the brain shows the best
response of AN2 at the highest pause duration (steadily increasing response) where
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the behaviour is lowest (from the values tested; optimum type curve). However, the
spiking activity of AN2 may still partly explain the decreased behavioural response to
short pause durations (2 - 22 ms), since the response in AN2 is also lowest. The
decrease of the behavioural response to longer pause durations, though, cannot be
explained by AN2’s spiking activity. Concerning the pulse duration, AN2 exhibits a
strong filter for short pulses that perfectly matches the behavioural response of
females when compared to the data of brain recordings (Figure 12B). The response
magnitude of ANZ2 obtained in thoracic recordings does not show such a close
correlation with the female behaviour. This might be due to the considerably higher
spike number that can be observed at most pulse durations tested. Whether this filter
for short pulses contributes to the selective behavioural response of females to the
natural male pulse duration remains questionable since best responses of AN2 are
found to the female answer (only seen in brain recordings - see Figure 10A). The
variability of spike number is very high among single individuals (even in brain
recordings) whereas the variation in the response strength is low (note the standard
error in Figure 12B left and right). The biggest difference between both recording
sites is found at pulse durations of 2 ms. Here, AN2s recorded in the brain have a
more than 20% higher response strength compared to the thoracic recordings
(whereas mean spike numbers are identically). High interindividual variability does
not account to this difference in the mean of the response, since nearly all AN2s
responded accordingly. This holds true for brain recordings as well as for thoracic
recordings.

Difference in spike latencies. The shortest spike latencies were measured for
28 kHz at 90 dB SPL. In thoracic recording the mean latency for these values is
17.6 £t0.6 ms (N=11; mean and SE). In brain recordings the latencies were
21.7 £0.7 ms (N=7; mean and SE) and therefore, AN2 exhibits a conduction velocity
of ca. 1.0 +0.1 "/s.

Indications for the nature of a possible secondary auditory or vibratory input in

AN2 via the extensive dendritic arborisations in the deutocerebrum (see Stumpner &
Molina 2006 and Figure 3) could not be seen by recordings in the brain.
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3.1.3 Ascending neuron 3 (AN3)

The axon of AN3 is frequently recorded since its thick and dense axonal
arborisations in the lateral protocerebrum of the brain (see Figure 3) are easily
accessible. The characteristical tonic response to long lasting stimuli for a broad
range of carrier frequencies makes AN3 unique among other ascending neurons and
a definite classification due to the physiological properties is possible during
intracellular recordings.

Intensity dependence of AN3's response at various frequencies. Example
recordings of AN3 show action potentials of clearly axonal origin (Figure 13A).
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Figure 13: Response of AN3 to acoustic stimuli. Blue colouration - carrier frequency of the male song
(16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Example recording of a
response to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female answer at 60 dB SPL;
see chapter 2.3.2 for stimulus paradigm). B: Responses of AN3 to standard stimuli (see
chapter 2.3.2). Left: Recordings from the prothorax (N=11-12; data modified from Stumpner & Molina
2006; means and SE). Right: Recordings from the brain (N=9; means and SE).
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When presenting an artificial duet spikes are elicited to every single pulse
independent of carrier frequency. The response to standard stimuli shows gradually
increasing spike numbers with increasing intensity at all frequencies tested
(Figure 13B). Characteristically, AN3 has a maximum spike number of about 16 to 18
spikes for 90 dB SPL at ultrasonic frequencies and distinctly lower spike numbers for
sonic frequencies. The increasing response for 16 kHz typically attenuates at 60 to
80 dB SPL and increases again to 90 dB SPL. All these physiological characteristics
obtained from thoracic recordings, including total spike number for a given
intensity/frequency, could be confirmed by axonal recordings in the brain.
Furthermore, the reported spontaneous activity from thoracic recordings can also be
observed in axonal portions of AN3 and, therefore, do not stem from depolarisations
due to penetration (Stumpner & Molina 2006; also compare 30 dB SPL in Figure 13B
left and right).

Responses of AN3 to varying temporal parameters. The spike numbers
produced by AN3 steadily decrease with increasing pause durations (Figure 14A
left). Therefore, pulses divided by short pauses reveal the strongest response. This
applies for the data obtained at thoracic as well as at axonal recording sites. In
addition, the total spike number does not differ. A comparison of spike numbers with
behavioural data (Figure 14A right) shows no obvious correlation. The increasing
response to increasing pulse durations could also be assured by axonal recordings
(Figure 14B left). The optimum response of females to the natural pulse duration of
the male song cannot be deduced from the response of AN3. However, the
responses of AN3 closely copy the varying pulse/pause patterns, which is similar to
sensory neurons (Stumpner & Molina 2006).
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Figure 14: Mean response of AN3 compared in thoracic (dashed lines; data modified from Stumpner
& Molina 2006) and brain (solid lines) recordings to different temporal parameters (white noise; 70 dB
SPL; see chapter 2.3.2 for stimulus paradigms; means and SE). Important natural parameters are
emphasised (blue: male song pause/pulse duration; red: female reply pulse duration). Red shaded
area indicates female behaviour (N=5, modified from Dobler et al. 1994a). A: Spike number (left) and
magnitude of response (right) to stimuli with varying pause duration (thorax: N=8; brain: N=4).
B: Spike number (left) and magnitude of response (right) to stimuli with varying pulse duration (thorax:
N=6; brain: N=4).

Difference in spike latencies. Shortest mean spike latencies of AN3 are found
for stimuli at 28 kHz and 70 dB SPL in thoracic as well as brain recordings. For this
carrier frequency the latencies are displayed in Figure 15 for increasing intensities. At
70 dB SPL the average latency in the thorax is 14.5 £0.9 ms (N=12; means and SE)
and in the brain 19.2 0.4 ms (N=9; means and SE). Hence, a difference of
approximately 4.7 ms of both recording sites leads to a conduction velocity of
0.9 +0.1 "/s. This is relatively slow compared to other ascending neurons like AN1
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(1.2 +0.1 "/s - see chapter 3.1.1). At 50 dB SPL only a small difference of ca. 3.2 ms
(equivalent to 1.3 +0.1 "/s conduction velocity) is obvious which is about the same
latency difference as found in AN1. For this intensity, however, the standard error of
the thoracic recording is relatively high. Although a similar magnitude of response
was observed at very low intensities (30 dB SPL; Figure 13B) the spike latencies
were much shorter in thoracic recordings when compared to brain recordings.
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3.1.4 Ascending neuron 5 (AN5-AG7)

The axonal arborisations of AN5-AG7 (AG7 = abdominal ganglion 7 - where the
soma is located; in the following called AN5 for simplicity) in the brain have not
frequently been found during the search for sound activated interneurons in the
lateral protocerebrum. Due to its activity to intensity response functions with varying
carrier frequency, AN5 is similarly variable as the response found in AN2. Only by the
strongly reduced activity to the temporal test programs AN5 can be clearly
categorised. This reduced response is mainly based on the strict phasic spiking of
ANS.

Intensity dependence of AN5’'s response at various frequencies. When
recording intracellularly from AN5 strong bursts of spikes to an artificial duet
exclusively occur to the female answer only (Figure 16A). Merely in one recording
(out of three) occasionally a spike was elicited to the male song. The intensity
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response functions (Figure 16B) clearly show a low threshold to the female carrier
frequency (28 kHz) in both, the thoracic and the brain recordings. The response to
28 kHz has a clear optimum type characteristic in brain recordings, which is not the
case when recorded in the thorax. The intraindividual variability is very high for AN5
that, however, does not explain the differences when looking at single AN5

responses.
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Figure 16: Response of AN5 to acoustic stimuli. Blue colouration - carrier frequency of the male song
(16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Example recording of a
response to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female answer at 60 dB SPL;
see chapter 2.3.2 for stimulus paradigm). B: Response of AN5 to standard stimuli (see chapter 2.3.2).
Left: Recordings from the prothorax (N=9 for 16 and 28 kHz, N=3-6 for 8 and 38 kHz; data recorded
by A. Stumpner; means and SE). Right: Recordings from the brain (N=4; means and SE).

Response of ANS5 to varying pulse duration and changing frequency of the
female’s reply. The spiking activity to the standard white noise pulse/pause programs
is very low. Due to this, no data from thoracic recordings is available that can be
compared to axonal recordings in the brain. In the brain, data from two individuals
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display a trend for a preferred response (Figure 17A). The highest activity is found for
the shortest pulse duration tested, though, with a high variability. In the natural duet
such short pulse durations only occur at the female answer. In Figure 17B the
response of AN5 is displayed to variations in carrier frequency of the female reply
during an artificial duet. The best spiking activity is at 24 and 28 kHz - the range of
the natural female carrier frequency - with 5.5 +1.8 and 5.0 £2.1 action potentials
(means and SE). The male song frequency (16 kHz) elicits no response.
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Figure 17: Spike numbers of AN5 to different acoustic stimuli. Blue data point indicates the male’s
natural carrier frequency and red data point the natural frequency of the female reply (see
chapter 2.3.2 for stimulus paradigms). A: Spike number with standard deviation to stimuli with varying
pulse duration (brain: N=2). B: Mean response to the female answer with varying carrier frequency in
an artificial duet. Data only shown for brain recordings (N=3; means and SE).

Difference in spike latencies. Spike latencies of 18.3 +0.8 ms (N=9; mean and
SE) were measured in the thorax at 28 kHz and 90 dB SPL. In the brain the latency
of the action potentials is 20.5 2.1 ms (N=4; mean and SE). Thus, the conduction
velocity for spikes in AN5 accounts approximately 1.9 0.1 M/s. This result is higher
than the velocity of 1.3 ™/s measured from the thorax to the abdomen (Stumpner
1999a). This difference in conduction velocity may be correlated to the considerable
smaller diameter of the axon in the abdominal ganglia when compared to the
diameter of the axon from the neck connective to the brain (Stumpner 1999a).
Nevertheless, AN5 seems to have the fastest conduction velocity among all other
ascending neuron.
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3.1.5 T-shaped neuron 1 (TN1)

Another example of a frequently recorded interneuron in the brain is TN1. The
characteristical more or less broad banded phasic response to long stimulus
durations (e.g. 50 ms) in combination with a narrow banded response to 24 and
28 kHz when pulse durations are short (e.g. 2 ms), allows an easy identification of
TN1 during the recording procedure.

Confirmation of morphology. In Figure 18 a comparison of the morphology of
two different TN1s (left - stained during a brain recording; right - stained during a
thoracic recording) are displayed. Clearly, one can see the similarity of branching
pattern in the proto- and deutocerebrum. Although two major collaterals of the axon
are found in the left drawing (only one in the right drawing) the overall extent of brain
regions innervated is similar. The strength of single collaterals of TN1 may be
pronounced to a greater or lesser extent in different individuals. These variations
seem to be common and have also been observed for AN1 (personal communication
A. Stumpner and own observations).

Figure 18: Morphology of TN1s in two brains of A. nigrovittata. Bar represents 200 um. Left: Drawing
of TN1's arborisations in the brain from a staining done in the brain. Right: Drawing of TN1's brain
arborisations according to a staining done in the thorax (modified after Stumpner 1999a). a=anterior.
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Intensity dependence of TN1's response at various frequencies. Intracellular
recordings from TN1 reveal a strong spiking activity to the female reply (28 kHz)
when presenting an artificial duet (Figure 19A). To the male song at 16 kHz the
responses can be very variable. In some recordings no action potentials are elicited
while in others strong responses (although not as strong as to the female reply) can

be observed.
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Figure 19: Response of TN1 to acoustic stimuli. Blue colouration - carrier frequency of the male song
(16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Example recording of two
different TN1 responses to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female answer
at 60 dB SPL; see chapter 2.3.2 for stimulus paradigm). B: Responses of TN1 to standard stimuli (see
chapter 2.3.2). Left: Recordings from the prothorax (N=6-9; data modified from Stumpner & Molina
2006; means and SE). Right: Recordings from the brain (N=15-16; means and SE).

A stimulation with standard stimuli elicited spiking in TN1 also for 16 kHz stimuli
at low intensities (Figure 19B). Nevertheless, stimulation with 28 kHz shows a
comparatively lower threshold. Large differences of the overall response
characteristic of TN1 can be observed between thoracic and brain recordings. While
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the average response for 28 kHz exhibits an optimum type curve with the strongest
activity at 50 to 70dB SPL in thoracic recordings, strongest spiking in brain
recordings on average was observed at 40 dB SPL only. This difference of response
characteristics also applies for 38 kHz (although shifted to 10 dB higher intensities at
both recording sites). 16 and 38 kHz stimuli evoke similar spike numbers in thoracic
recordings. In the brain, the response to 16 kHz is consistently lower (except for
40 dB SPL) than the response to ultrasonic frequencies. At 8 kHz the spiking activity
is lowest at both recording sites although higher spike numbers are obtained in the
thorax.

When looking at the spiking activity to 28 kHz stimuli, responses of single TN1s
recorded in the thorax show similar intensity dependency as found in recordings of
the axonal recording site (compare highlighted graphs in Figure 20 left to the single
responses in Figure 20 right). The variability of both recording sites is high compared
to other ascending neurons (high variability also reported for TN1 in Stumpner &
Molina 2006) but spike numbers up to 7-8 at medium intensities are only found in
thoracic recordings (marked by an asterisk in Figure 20 left). In the brain recordings a
maximum of response is mostly reached at 40 dB SPL. For higher intensities, spike
numbers decrease in most specimens.
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Figure 20: Mean (dashed lines with SE) and single (solid lines) responses of TN1 to 28 kHz and
increasing intensities (50 ms stimuli) recorded in the thorax (left, N=9; data taken from Stumpner &
Molina 2006) and in the brain (right, N=16). Two single responses from the thoracic recording site are
very similar to axonal recordings and are highlighted. 3 single responses of TN1 recorded in the thorax
showed high spike numbers at medium intensities (marked by an asterisk). This was never found in
brain recordings.
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The differences found in the average responses collected in the two recording
sites are pronounced to the greatest extend among all ascending neurons and one
might wonder, whether the data even might originate from two different interneurons.
Characteristics like the response to the female reply only in a natural duet and the
maximum spike number (of ca. 3-4) to 28 kHz at low intensities might suggest AN5 to
be the appropriate candidate for the data of the brain recordings presented (see
Figure 16). However, a definite morphological affirmation of typical TN1 arborisation
sites in the brain could be made for 3 cases in addition to the physiological data.

Further, to a staining of the brain terminations also a staining of the soma in the
typical region known for TN1 in the prothoracic ganglion was achieved in one case
(Figure 21). This finding excludes AN5 to be the source of the physiological data
since its soma is situated in the 7" abdominal ganglion. Unfortunately, the dense
dendritic branching and the descending axon of TN1 could not be detected, which
was most likely due to the long distance from the penetration site in the brain. But the
morphological data obtained show a clear correlation with TN1 known from thoracic

recordings.

Figure 21: Prothoracic ganglion of
A. nigrovittata with a Cy3-labelled soma of TN1
(marked by the white arrow). The retrograde
staining was performed by iontophoretic
application of a fluorescent dye in the brain. Bar
represents 150 um. a=anterior.

In Figure 22 the relative differences of TN1's spiking activity to ipsilateral and
contralateral stimulation (relative to the side of penetration) are displayed for brain
and thoracic recordings. The maximum difference in spiking activity can be observed
for 28 kHz at 40 dB SPL in the brain recordings of TN1 (Figure 22A). This high
degree of directionality at low intensities can only be found for TN1 in the thoracic
recordings (highest degree of directionality among all ascending neurons -
Figure 22B). Similarly to the data from the thorax, also for 16 kHz stimuli highest
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values can be seen. The overall directionality characteristics to increasing intensities,
however, differ to a minor extent at 16 kHz and to a great extent for 28 kHz, when
comparing both recording sites. The main reason for this may be the difference in
spike numbers at the corresponding intensities (see Figure 19B). Nevertheless, high
degrees of directionality are ascribed to central enhancement (Molina & Stumpner
2005) in addition to biophysical differences (e.g. sound shadow). A relative difference
above 70% for 28 kHz at low intensities has only been found in TN1, which therefore
serves as an additional corroboration of physiological identification of TN1 in brain

recordings.
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Figure 22: Normalised difference of TN1's responses for 16 (blue) and 28 kHz (red) at increasing
intensities to ipsi- and contralateral stimulation (relative to the side of penetration). A: Data of TN1
obtain in brain recordings (N=3; means and SE). B: Data obtained for TN1 in thoracic recordings. For
comparison also the normalised differences of AN1, AN2 and AN3's responses at 28 kHz are
displayed (N=4-6 for TN1, means and SE; N=5 for AN1, mean; N=10 for AN2, mean; N=13 for AN3,
mean; data taken from Stumpner & Molina 2006). 100% means that the maximum spike response of
the corresponding frequency occurred exclusively to ipsilateral stimulation (-100% would be the
opposite).

Response of TN1 to varying temporal parameters. In Figure 23 the responses
of TN1 to variations of temporal parameters are displayed. The spike number of both,
responses to varying pause and varying pulse duration is higher when recorded in
the thorax close to the dendritic input than when recorded in the brain. The relative
dependence on the various parameters, however, is similar in both preparations.
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Figure 23: Mean responses of TN1 compared in thoracic (dashed lines; data modified from Stumpner
& Molina 2006) and brain (solid lines) recordings to different temporal parameters (white noise; 70 dB
SPL; see chapter 2.3.2 for stimulus paradigm; means and SE). Important natural parameters are
emphasised (blue: male song pause/pulse duration; red: female reply pulse duration). Red dashed line
indicates female behaviour (N=5, modified from Dobler et al. 1994a). A: Spike number (left) and
magnitude of response (right) to stimuli with varying pause duration (thorax: N=10; brain: N=6).
B: Spike number (left) and magnitude of response (right) to stimuli with varying pulse duration (thorax:
N=10; brain: N=6).

The responses of TN1 with varying pause durations are nearly independent from
pause duration between 22 and 61 ms. The relative spike numbers, however, only
show a slight correlation to the female behaviour at pause durations shorter than
22 ms (Figure 23A right). For varying pulse durations TN1’s spiking activity is best at
very short pulses (2 ms, Figure 23B left), but no correlation to the female behaviour
can be observed (Figure 23B right).
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Response to different frequencies of the female answer in an artificial duet.
Since TN1's highest spiking activity is found at short pulse durations, it can be
expected that a presentation of a complete duet would elicit the strongest response
to the female answer. When varying the carrier frequency of the female reply the
response of TN1 exhibits band-pass filter characteristics with a maximum response
at 24 and 28 kHz (Figure 24). Similar results were obtained for AN2 and AN5 (see
Figure 11 and 17B).
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Difference in spike latencies. Best responses of TN1 to 50 ms stimuli for 28 kHz
are found at different intensities when recorded in the thorax or in the brain, thus,
also shortest latencies can only be found at differing intensities. The shortest mean
latency is 16.5 £1.0 ms (for 90 dB SPL; 28 kHz; N=9; mean and SE) for thoracic
recordings and 19.5 +0.6 ms (70 dB SPL; 28 kHz; N=15; mean and SE) for brain
recordings. This accounts for a conduction velocity of 1.4+0.1 ™/s. The spike
latencies of brain recording at 90 dB SPL are 21.2 +1.9 ms (N=15; mean and SE)
and therewith comparatively longer than at 70 dB SPL.

Secondary auditory input into TN1 within the brain. In brain recordings of TN1
axonal spikes can be seen that are subsequently followed by a graded potential
during auditory stimulation (Figure 25). These graded potentials also occur when
TN1 produced no action potentials to a stimulus (marked by an arrow in Figure 25A).
Therefore, the origin of the graded potentials is neither a stronger form of
repolarisation caused by an action potential, nor a self-induced potential via a
feedback loop, but the input from a different neuron within the brain instead.
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Figure 25: Example recordings of TN1 in axonal portions within the brain. A: Action potentials with a
subsequent graded potential to 50 ms stimuli (90 dB SPL and 28 kHz). The arrow marks a graded
potential that occurred, when no spike was produced to the stimulus. B: Overlay of three sample
traces (d: only two) obtained in the same individual for 50 ms stimuli at 90 dB SPL and 28 kHz. Green
lines mark the amplitude of the first spike. a: Recordings without any current induction. b: Recordings
with a depolarising current (ca. +0.5 nA). c¢: Recordings with a hyperpolarising current (ca. -0.5 nA).
d: Recordings with a strong hyperpolarising current (ca. -1 nA). Note that no extra spikes are elicited,
but the amplitude of the graded potential is affected.

During intracellular brain recordings these graded potentials are a
characteristical feature of TN1. They were seen in every single recording, which was
not the case in any other ascending neuron. The amplitude of the graded potential,
however, can differ to a great extend between individuals. In some recordings it
reached half the amplitude of a spike (Figure 25Ba) and in others the potentials were
barely seen. Injection of a depolarising current while recording TN1's axon can lower
the amplitude of the graded potential and of the action potential (Figure 25Bb). The
reversal potential of the graded potential, however, could not be detected, since the
resistances of the capillaries used did not allow the injection of enough current for
reaching the reversal potential of the graded depolarisation. Hyperpolarisation
strongly increased the amplitude of the graded potential (Figure 25Bc,d), which may
become even higher than an action potential without eliciting extra spikes.
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Origin of the graded potential in the axon of TN1. In Figure 26A the responses
of two different TN1s to 500 ms stimuli (white noise; 70 dB SPL) are displayed. The
graded potential within TN1 can be clearly seen throughout the whole length of the
stimulus which is an indication that AN3 is the source of this potential, since no other
ascending neuron shows a tonic response to this stimulus.
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Figure 26: A: Example recordings from two individuals in the axon of TN1 to a 500 ms stimulus (white
noise at 70 dB SPL). Green dotted lines indicate the resting membrane potential. B: Response
strength of TN1's graded potential (left, N=5; mean and SE) and AN3 (right, N=9; mean and SE) to
standard stimuli (see chapter 2.3.2). Blue colouration - carrier frequency of the male’s song (16 kHz)
and red colouration - carrier of the female’s reply (28 kHz).

Assuming a close correlation of the potential’s amplitude and spiking activity of
the presynaptic neuron would uncover the possible candidate for this input to TN1. In
Figure 26B (left) relative amplitudes of the graded potential are plotted against
increasing intensities of the standard frequencies. At 50 and 60 dB SPL the response
to 16 kHz is slightly higher than to 28 kHz. At very high intensities (90 dB SPL) the
response strength is highest for ultrasonic frequencies, whereas the response to
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8 kHz is only half the maximum. Very similar responses can be found in the spiking of
ANS3 (Figure 26B right). However, the latency of the graded potential is 29.3 £1.1 ms
(N=9; measured only when no action potential concealed the beginning of the graded
potential; mean and SE) and indicates that AN3 (latency of 19.2 ms) is not directly
connected to TN1. At least one (or even more) local interneuron(s) within the brain
must mediate the graded input to TN1.

The effect of the graded potential in TN1. When an action potential from TN1
(generated in the prothorax) simultaneously occurs with a graded potential
(generated in the brain), the amplitude of the spike can be higher (at least in some
recordings) than the amplitude of a spike in the absence of the graded potential
(Figure 27 left). This summation has the greatest effect on the spike’s amplitude
when the action potential sits directly on the maximum of the graded potential. Spikes
sitting outside the maximum experience a smaller summation (Figure 27 middle -
marked by an arrow). The result of this summation may be an increased transmitter
release at the presynapse. This effect could only be measured in recordings where
the amplitude of the graded potential was large. Whether this effect may also occur in
other TN1s can not be decided from the data obtained so far. A reduction of spike
amplitude, on the other hand, when sitting on top of a graded potential was never
observed. The pronounced repolarisation phase of an action potential causes a
nearly complete shunting of the graded potential’s amplitude to the level of the
resting membrane potential (Figure 27). If another spike occurs exactly during this
repolarisation phase the amplitude will not be increased (Figure 27 right - indicated
by an arrow).
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Figure 27: Three sections of one continuous recording of spikes and graded potentials to stimuli with
different pause durations (pulse dur.: 7 ms; pause dur.: 22 ms(left & right) and 61 ms(middle); white
noise; 70 dB SPL; see chapter 2.3.2 for stimulus paradigm). Green lines mark the resting potential and
the amplitude of the first spike. Orange line indicates the maximal amplitude of a spike sitting on top of
a graded potential. The arrows mark spikes of lower amplitudes in comparison to the maximum.
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Comparison to the behaviour of A. nigrovittata. In the natural duet of this
species the male generates a calling song and the female replies with a single pulse
after a constant latency. The pause between the male trigger pulse and the female
answer - as perceived by the male - can vary and mainly depends on two factors.
The first factor is the internal delay of the female which is approximately 25 ms
(Dobler et al. 1994a). The second factor is the distance of the duetting partners. For
example, a distance of 5 m would mean a travelling time for the sound waves of ca.
30 ms (see chapter 2.5 for calculations of the travelling time). Since TN1 responds
best to the female answer and additionally shows a graded potential to the male
carrier frequency (even at low intensities), the variable effect of pause duration
between trigger (that causes a graded potential) and reply on the summation of an
action potential and graded potential was tested (Figure 28A; for stimulus paradigm
see chapter 2.3.2). Here, 3 examples are displayed, whereat only the amplitude
difference of a spike (caused by the simultaneous occurrence of a graded potential)
at different pause durations is compared to the amplitude of an action potential not
sitting on a graded potential (which is taken as 100%).
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Figure 28: Difference of spike amplitude in TN1 between spikes sitting on top of a graded potential
and spikes without simultaneous graded potential was measured to the female reply at different pause
durations between male trigger pulse and female reply (see chapter 2.3.2 for stimulus parameters).
A: Three individual responses where the difference of spike amplitude is displayed (n=5; mean and
SD). Green bar shows the mean latency and duration of the graded potential elicited by the male
trigger only (data taken from 3 different individuals). B: Relative difference of spike amplitude of the
responses shown in A (mean and SE). Orange box (until white dashed line) indicates preliminary data
of positive male phonotaxis to an artificial female reply (obtained by Pierre Gras; higher pulse duration
showed little or no response). Yellow line indicates the shortest latency of the female reply for which
positive male phonotaxis was tested (Dobler et al. 1994b). For shorter pause durations no data is
available but female replies can occur up to ca. 25 ms pause duration (Dobler et al. 1994a). Blue bar
indicates the distance between the duetting partners (for calculation refer to chapter 2.5).
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The dependence of pause duration in each example has an optimum type
character. For very short pauses (15 ms) also negative values were measured. This
is due to the strongly pronounced repolarisation phase of the spike elicited by the
male trigger (see Figure 27 right). If a spike occurs directly within this phase its
amplitude can be smaller than a spike sitting on the resting potential. The latency and
overall duration of the graded potential (elicited by the trigger pulse) can be seen in
TN1 with stimulation of the male song only (performed in different individuals, other
than those in which spike amplification was measured). For this, a necessary
requirement is the lack of TN1's spike response to the male trigger syllable, since a
spike conceals the beginning of the graded potential. The graded potential has a
latency of 30.0 £0.9 ms to the onset of the trigger syllable (Figure 28A, beginning of
the green bar; N=3, n=5 for each individual; mean and SE; note that the x-axis shows
the pause duration and not the onset of the trigger syllable) to the trigger pulse. The
graded potential's duration is 58.3 £3.8 ms (green bar in Figure 28A; mean and SE)
and therefore much longer than the stimulus (7 ms). This duration resembles the
overall “time window” in which a summating effect might be observed. In other
recordings of TN1 no difference in spike amplitude could be measured. This was
partly due to the absence of spiking activity to 16 kHz (in some individuals; therefore
no comparison to a preceding spike without an increased amplitude was possible).
The relative difference in spike amplitude (of the 3 examples shown in Figure 28A) is
plotted in Figure 28B. A pronounced increase in amplitude can be seen between 25
and 65 ms pause duration. Preliminary data of the male behaviour to an artificial
female reply with varying latency revealed a definite response to replies with pauses
between 40 and 70 ms (orange box until white dashed line in Figure 28B -
preliminary data obtained by Pierre Gras). Longer pauses showed few or no
responses (fading orange box on the right side). The yellow line in Figure 28B
indicates the shortest latency of an artificial female reply that was tested and elicited
a positive male phonotaxis (see Dobler et al. 1994b). Shorter pause durations were
not measured, but can be expected to elicit a male response up to the naturally
occurring shortest pause of ca. 25 ms (Dobler et al. 1994a).
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3.1.6 Ascending neuron x (ANX)

During the search for auditory neurons in the lateral protocerebrum in the brain
a recording of a yet unknown ascending interneuron was obtained. The physiological
and morphological characteristics clearly differ from the other neurons already known
from thoracic recordings. Since morphology is only known for the brain, it is unknown
whether its soma is also located in the thorax as for most of the other ascending
neurons. Therefore, in the following this ascending neuron is only indexed with an
“X". In addition to a clear physiological response to acoustic stimuli, ANx also seems
to be slightly excited by vibratory stimulation.

Morphology. An important criterion for discrimination from the known ascending
neurons was ANx morphology (Figure 29). The thick axon runs in the dorsal medial
portion of the circumoesophageal connective through the trito- and deutocerebrum
without branching. Then, the axon extents to the lateral protocerebrum and arborises
ventrally. The arborisations show beaded endings, which is an indicator for
presynaptic structures and therefore the output region of ANx. The overall extent of
the arborisations is restricted to the caudal protocerebrum that strongly reminds of
the morphology of vibratory neurons (own observation; also see chapter 3.1.7).

W

Intensity and frequency dependence of ANX’'s response. Stimulation with 50 ms

Figure 29: Drawing of ANx from a Cy3-
a  staining done in the brain. Bar represents
250 um. a=anterior.

— 1

pulses and 28 kHz carrier frequency reveals the strongest response at 40 dB SPL
(Figure 30A). The responses to ultrasonic frequencies show lower spiking thresholds

48



Results

than responses to 16 or 8 kHz. The overall spiking activity is very variable, which can
be seen at the large standard deviations for all frequencies. The difference in
response to sonic and ultrasonic frequencies is more clearly pronounced when
presenting the male song pattern at increasing intensities (Figure 30B; see chapter
2.3.2 for stimulus paradigm). Again, a high spiking activity is found for 28 kHz at
40 dB SPL. An additional response peak is found at 70 dB SPL (at this intensity also
the response to 38 kHz reaches its maximum). ANX’s spiking activity is insensitive to
sonic frequencies with a threshold of approximately 70 dB SPL. The response at
8 kHz 90 dB SPL was very variable. The spiking activity to the female’s reply in an
artificial duet is increased in the complete ultrasonic frequency range tested
(Figure 30C). Also the stimulation with 12 kHz elicits responses, whereby 16 and
20 kHz were responded to the least.

A ANXx - 50 ms pulses B ANXx - male song pattern
4 q 20 -
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C frequency of the @-reply
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3 -
3 _ _ _
-g Figure 30: Response of ANx to different acoustic
S, | stimuli recorded in the brain (n=5; means and SD).
GC) Blue colouration - carrier frequency of the male
95‘_ song (16 kHz) and red colouration - carrier of the
1) female reply (28 kHz). A: Response of ANX to
11 standard stimuli (see chapter 2.3.2). B: Intensity
dependent response of ANx to the male song
pattern at 8. 16, 28 and 38 kHz (see chapter 2.3.2
0 \ | . : for stimulus paradigm). C: Mean response to the
10 20 30 40 female answer with varying carrier frequency in an

Carrier frequency [kHz] oaradigm).
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Response of ANx to varying temporal parameters. ANX’s response shows a
strong dependence for pause duration with optimum type characteristics (Figure 31).
The highest spike activity is found at 22 ms pause duration, whereby nearly no
response can be observed to the shortest pause duration presented. This
dependence of ANXx relative spike numbers to different pause durations closely
correlates with the female behaviour. On the other hand, the high threshold for
16 kHz (see Figure 30B) seems to exclude ANx to be involved in the possessing of
the temporal parameters important for male song recognition.

ANXx ANXx
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5 =
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Pause duration [ms] Pause duration [ms]

Figure 31: Spike number (left) and magnitude of response (right) to different pause durations (white
noise; 70 dB SPL; n=5; see chapter 2.3.2 for stimulus paradigm; means and SD). Blue data point
indicates the male song pause duration. Red shaded area indicates the female behaviour (N=5,
modified from Dobler et al. 1994a).

The response to varying pulse durations of ANXx is shown in Figure 32. Short
pulse durations, as found for the female answer or for bat calls, evoke the highest
spiking activity. Pulse durations longer than 10 ms, contrary, evoke nearly no
response.

50



Results

ANXx
14 1
12 1
10
g
£ 8]
2 I
o %]
X
a
0 41
Figure 32: Spike number of ANx to different
2 pulse durations (white noise; 70 dB SPL;
" n=5; see chapter 2.3.2 for stimulus paradigm;
0 r . ! r —1 mean and SD). Blue: male song pulse
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Spike latencies in ANx. The shortest spike latencies for ANx are 24.9 +0.6 ms
(n=5; mean and SD) and are found for 28 kHz at 80 dB SPL (50 ms pulse duration).
This, compared to the other ascending neurons, is very long. The response of ANX is
strongest to short pulse durations but the latencies - taken from the best response to
the stimulus paradigm shown in Figure 32 - are relatively high with 28.5 0.7 ms
(n=5; mean and SD).

3.1.7 Ascending vibratory neurons

Besides intracellular recordings of neurons that respond to acoustic stimuli, also
neurons are frequently found that respond best to the vibrational test (see
chapter 2.3.2). Characteristically, these neurons also respond to low carrier
frequencies at high intensities. In the following two examples (out of 4) of vibratory
neurons will be presented.

Morphology. In Figure 33 the morphologies of two ascending vibratory neurons
are given. Both neurons were stained in the same individual. The axon mostly enters
the brain in dorsal medial portions and extends to the protocerebrum, where it runs
directly to the caudal lateral protocerebrum (right neuron). This change of direction
often results in a typical bend (marked by the arrow in Figure 33 left). This bend is
also found in the vibratory neuron on the left side although its axon enters the brain in
more lateral portions (rarely observed). The major arborisations (expanding ventrally)
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are restricted to the caudal protocerebrum and either have a bushy appearance with
no prominent collaterals (right neuron) or have a few collaterals with very sparse
branching (left neuron). The beaded endings at the axonal branches are

characteristically pronounced and clearly visible (Figure 33 right).

Figure 33: Left: Drawing from a Cy3-staining of
two vibratory neurons in each hemiganglion of
the same brain of one individual. Bar represents
200 um. Right: Detailed view of the major
arborisation area of both neurons presented in
the drawing (left (a) and right (b)). Bar
represents 50 um. Note the clearly beaded
structures. a=anterior.

Intensity dependence of vibratory neuron’s response at various frequencies.
Besides spiking activity to vibration also responses to low frequent air borne sound at
high intensities can be observed.
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Figure 34: Response of vibratory neurons to standard stimuli (see chapter 2.3.2) (n=5 for each graph;
means and SD). Left graph corresponds to the left neuron in Figure 33 and vice versa for the right
graph. Blue colouration - carrier frequency of the male song (16 kHz) and red colouration - carrier of
the female reply (28 kHz).
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In Figure 34 the intensity dependent responses for both neurons are displayed. The
left vibratory neuron (left graphs come from the left neuron in Figure 33 and vice
versa) shows a high spontaneous activity. The only clear response to acoustic
stimulation is seen at 8 kHz 90 dB SPL. Contrary, the right neuron reveals no
spontaneous activity. The threshold for the response to 8 kHz is 20 dB lower
compared to the left neuron. To a smaller extent, than seen for 8 kHz, also a
response to 16 kHz and at very high intensities also slightly to ultrasound can be
observed.

Spike latencies in vibratory neurons. The shortest latency for the neuron with
the high spontaneous activity could not be obtained since all measurements had
similar values (even for 8 kHz at 90 dB SPL). The neuron with no spontaneous
spiking activity had shortest latencies of 21.2 +3.4 ms (n=5; mean and SD) which is
similar to the latencies of sound activated ascending neurons.
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3.2 Brain neurons

3.2.1 Local brain neuron 1 (LBN1)

In addition to intracellular recordings of ascending neurons in the brain, the
major aim of this study was to identify local brain neurons that may be involved in the
auditory processing of the conspecific song. LBN1 is such a candidate that is
possibly critically involved in male song recognition. It was rarely recorded and a
recording mostly lasted a few minutes only.

Morphology. One successful complete staining with a fluorescent tracer shows
the morphology of LBN1 (Figure 35A-C). The overall spatial extent is restricted to the
auditory neuropil in the lateral protocerebrum, where its soma is located in the medial
dorsal region of the hemiganglion. The primary neurite runs in a ventral lateral
direction and gives off minor branches that take course to a posterior dorsal region.
At this point the primary neurite thickens and two major collaterals have their origin,
running anterior ventral, and also one major axon, running in a medial anterior and

subsequently in a lateral ventral direction.

Figure 35: Morphology of LBN1 and AN1 in the brain. A: Drawings of LBN1 and AN1 from Cy3-
stainings in different individuals (staining of AN1 was performed by A. Stumpner). The asterisk marks
the area of possible connection between AN1 and LBN1. Bar represents 250 um. CB=central body;
a=anterior. B: Detailed view of the LBN1 arborisations. The dendritic branches are shown in black,
while axonic arborisations are displayed in grey. Bar represents 50 um. a=anterior. C: Lateral view on
LBNZ1 (rotated by about 65°around the vertical axis when compared to B). Note the clear separation of
the dendritic (right) and axonal (left) branches. The dashed lines indicate the borderlines of the brain.
Data from 3D-reconstruction of a confocal stack using AMIRA 5.2.0 (Visual imaging); the lower
resolution for the z-axis leads to apparently thicker branches. Bar represents 50 um. a=anterior;
d=dorsal.
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The arborisations of the two major collaterals have fine endings indicating a
postsynaptic function, while the arborisations of the axon have many beaded endings
that are typical for presynaptic structures. The densest axonic branching pattern
reminds of a “U” shape whereby each “side” extends anteriorly (grey in Figure 35B).
It is found more ventrally than the densest dendritic arborisation (Figure 35C). A
minor single branch of the axon takes course to the posterior end of the lateral
protocerebrum and branches off medially and laterally. Also a minor dendritic branch
extends to more posterior portions. There seems to be no physical connection
between the two arborisation areas, since they appear to be situated in different
layers of the protocerebrum. The branching pattern of AN1 from a different individual
is also displayed in Figure 35A (LBN1 seems to be directly connected to AN1 - see
below). For alignment of the two neurons the position of the central body was taken
as a reference. The possible region of connection of AN1 to LBN1 is marked by an
asterisk, where AN1's major axon runs ventrally to medial portions of the
protocerebrum while giving off dense arborisations (see Stumpner 1997).

Intensity dependence of LBN1's responses at various frequencies. If one
compares the responses of LBN1 and AN1 to standard stimuli (Figure 36A, B),
striking similarities between the two neurons are obvious: both neurons show
optimum type curves with maximum response strength at sonic frequencies at
exactly the same intensities. Among 8, 16, 28 and 38 kHz both neurons respond
strongest at 16 kHz and much less at 28 and 38 kHz. However, LBN1 is significantly
less sensitive by 7.8dB at 16 kHz than AN1 (response threshold for ANLI:
32.7 £1.4 dB SPL, N=11; response threshold for LBN1: 40.5 +1.8 dB SPL, N=6;
mean and SE; p=0.018, 2-tailled Mann-Whitney U-Test; see also Figure 44B). At
ultrasonic frequencies LBN1 rarely responds up to intensities of 70 dB SPL.
Moreover, LBN1 shows an overall much weaker response than AN1 (maximum spike
numbers at 16 kHz 2.5 £0.6 in 6 LBN1; 8.9 £0.6 in 13 AN1 recorded in the brain;
means and SE). Recordings of LBN1 to models of male calling songs (at different
frequencies and 60 dB SPL) reveal a reliable response at the natural male calling
frequency only (Figure 36C left). In comparison, spiking of AN1 recorded in the brain
occurs also at other carrier frequencies, though response strength is low (Figure 36C
right).
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Figure 36: Responses to the standard stimuli. Blue colouration indicates the carrier frequency of the
male song (16 kHz) and red colouration the carrier of the female reply (28 kHz). A: Intensity
dependent responses of LBN1 (N=5-6; means and SE). B: Intensity dependent response of AN1. Note
the different scale of the y-axis in comparison to A (N=13; means and SE). C: Example recordings of
LBN1 left and AN1 right to the male calling song at 60 dB SPL (for stimulus paradigm see
chapter 2.3.2). The regular fluctuations seen in LBN1-traces are 50 Hz-hum.

Comparison of LBN1 and AN1 latencies. From the data presented so far it is
well conceivable that LBNL1 is directly postsynaptic to AN1. This hypothesis appears
to be confounded by a marked spike latency difference between action potentials of
AN1 (19.1 £0.5 ms in the brain at 16 kHz 50 dB SPL; N=13; mean and SE) and of
LBN1 (29.9 £1.1 ms; N=6; mean and SE). However, recordings of LBN1 neurons
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show prominent singular excitatory postsynaptic potentials (EPSPs) summing up to
eventually evoke an action potential (Figure 37). This gives a remarkably large
difference of about 9 ms between latency of the first EPSP (20.8 +0.5 ms at 16 kHz
50 dB SPL; N=6; mean and SE) and latency of the first action potential in LBN1. The
difference between the mean latencies of initial LBN1-EPSPs and mean latencies of
AN1-spikes in the brain is in the order of 2 ms (Figure 38).

LBN1

Figure 37: Graded potentials in LBN1. Both
example recording show prominent singular
EPSPs. The beginning of each EPSP is marked
by a blue line. The resting membrane potential is
indicated by a green dotted line. Upper trace:
Summation of EPSPs until the spiking threshold

‘ ~ is reached. Lower trace: The interval between
W the EPSPs is too large to summate and to reach
: the spiking threshold. Bar represents 15 ms.

This leads to the conclusion that a latency of 30 ms or more of a second order
interneuron can be due to a latency of the first order interneuron (AN1) in the thorax
of around 15 ms, a propagation time between thorax and brain in the axon of AN1 of
around 5ms and a synaptic delay from AN1 to LBN1 of 2 ms plus a long time
between the initial EPSP and the first action potential in LBN1 of around 10 ms
(Figure 38).
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16 kHz; N=5), AN1 thorax (N=23 - from A.
Stumpner), AN1 brain (N=13), LBN1 EPSP
104 (N=6) and LBN1 spikes (N=6) at 16 kHz 60 dB
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sensory  AN1 AN1  LBN1 LBN1 given in the figure).
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Comparison of LBN1 and AN1 spike/EPSP frequencies. Is there additional
evidence that LBN1-EPSPs are directly evoked by AN1 action potentials? For this,
the frequency of singular EPSPs of LBN1 was measured that obviously are evoked
by single action potentials of the presynaptic neuron (marked beginnings of single
EPSPs in Figure 37). The maximum EPSP-frequency occurring among the first
EPSPs of LBN1 (prior to spiking) was then compared to the maximum action
potential-frequency of AN1 at various intensities of 16 kHz, the frequency of preferred
response (Figure 39 left). This maximum spike frequency always occurred during the
first burst of action potentials. The average EPSP frequency and spike frequency of
the two neurons are very similar. The only larger average difference is seen at 40 dB
SPL. However, even at that intensity the data of single spike/EPSP frequencies of
AN1 and LBN1 overlap (Figure 39 right). This finding further supports a direct
connection between AN1 and LBN1.
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Figure 39: Intensity dependence of AN1-spikes and LBN1-EPSPs at 16 kHz (AN1, N=6; LBN1, N=6).
Left: Mean spike/EPSP frequencies (means and SE). Right: Comparison of individual spike/EPSP
frequencies.

A comparison of independently recorded AN1 (brain) and LBN1 (Figure 40) at
identical carrier frequencies and intensities indicates a clear covariance (R2 = 0.758)
between maximum spike frequency (average of 6 AN1) and spike number in 6 LBN1
(Spearman rank-order correlation coefficient, df = 26, p < 0.001). If spike frequency
of AN1 is above ca. 270 Hz, spike number in LBN1 gets higher than 1. At lower AN1-
spike frequencies LBN1 produces - with one exception - less than one spike on
average.
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R%=0.758

Figure 40: Correlation  between average
maximum spike frequency of AN1 and spike
number of LBN1 to standard stimuli (see
chapter 2.3.2). Each point represents the mean
of 6 AN1 and 5-6 LBN1 recorded in different
individuals. If no or only one spike occurred
during the window of evaluation (150 ms), the
spike frequency was taken as zero. The line
: : : : shows the linear regression; R2 gives the square
0 100 200 300 400 of the correlation coefficient.

AN1 - max. spike frequency [HZz]

LBN1 - spike number

Carrier frequency dependent IPSPs in LBN1. In recordings of LBN1 also
inhibitory postsynaptic potentials (IPSPs) have been observed in addition to the
EPSPs. In the majority of cases, however, the visible effect of inhibition seems to be
a lowering of the EPSP amplitude by an overlapping IPSP. Thus, a differentiation
between EPSP and IPSP is not possible. During depolarisation though, IPSPs can
be more clearly identified (Figure 41 & 42). At high stimulus intensity two subsequent
IPSPs can be observed in the averaged recordings displayed in Figure 41 (average
contains 5 repetitions of the same stimulus). The potential reason for this biphasic
nature of the IPSP will be discussed later.

Hidden IPSPs in LBN1

(not depolarised)

16 kHz W&——-
(depolarised)
(depolarised)
Figure 41: Recording examples of LBN1 without

— and with current induction (ca. +0.5 nA) at 16
and 28kHz at 90dB SPL (averages of 5

! ! ! repetitions; 50 ms stimuli).

0 100 200 [ms]

A depolarisation during the intracellular recording of LBN1 allows the
approximate detection of the IPSP-thresholds at various frequencies. In Figure 42
example recordings of LBN1 are displayed at 60 and 90 dB SPL for 8, 16, 28 and
38 kHz. At low intensities strongest IPSPs are observed at 28 kHz thereby revealing
a clear dependence on carrier frequency. At the highest intensity tested, also the
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responses to lower frequencies demonstrate the occurrence of an IPSP. The lowest
thresholds for detectable IPSPs are found at frequencies between 28 and 34 kHz
(ca. 50 dB SPL). Small amplitude IPSPs occurring at lower intensities, however, may
still be hidden in simultaneous EPSPs even at a depolarised state.

60 dB SPL 90 dB SPL
08 kHz

16 kHz

28 kHz

38 kHz

[ 1 —

0 100 200 [ms] 0 100 200 [ms]

Figure 42: Example recordings of a depolarised LBN1 (ca. +0.5 nA) for 8, 16, 28 and 38 kHz at 60
(left) and 90 dB SPL (right) (50 ms stimulus).

If one compares latencies of EPSPs and IPSPs, the distribution of all IPSP-
latencies measured is clearly shifted to longer values as compared to the majority of
EPSP-latencies (Figure 43). The EPSPs have a mean latency of 22.4 0.8 ms (N=4,
n=204; mean and SE) whereas the IPSP-latencies are 32.8 £0.5 ms (N=4, n=107;
mean and SE) (means include latencies of various frequencies and intensities at the
same temporal parameters). A latency difference of 12.9 +0.8 ms (measured when
EPSP and IPSP occurred in combination during standard stimuli; N=4, n=47; mean
and SE) suggests at least one, possibly several additional interneuron(s) to be
involved in the inhibitory pathway to LBN1 as compared to the excitatory pathway. In
Figure 43 a secondary peak of EPSP-occurrences is found (at 27 to 28 ms latency;
marked by an asterisk). All EPSPs contributing to this peak arise from frequencies
where AN1 responded weak due to inhibitory influence. The first peak in the
histogram with the shortest latencies, therefore, mainly comes from frequencies
where AN1 responded best (50 and 60 dB SPL, 16 kHz). The earliest beginnings of
IPSPs stem from ultrasonic frequencies and closely overlap the beginning of spiking
in LBN1 at 16 kHz (50 dB SPL; arrow in Figure 43). One should have in mind,
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though, that spiking in AN1 at ultrasonic frequencies also had longer latencies than at
16 kHz.

EPSP/IPSP-latencies
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Figure 43: Histogram of EPSP- and IPSP-
5 1 latencies in LBN1. Asterisk marks a secondary
H peak of EPSP occurrence. The arrow indicates
o+ the beginning of spiking in LBN1 at 16 kHz
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Comparison of LBN1's response to the female behaviour. Summation of EPSPs
in LBN1 obviously depends on spike frequency in AN1 with a minimal frequency for
summation being around 40 Hz (ca. 25 ms singular EPSP-duration; n=44). This
summation remains subthreshold below a certain spike frequency of AN1 (and of
course also depends on stimulus duration). As a necessary consequence, LBN1 is
not brought to spiking with stimuli evoking only singular or widely spaced action
potentials in AN1. This explains the higher threshold of LBN1 as compared to AN1.
Therefore, a “spike frequency filter” during processing of the input into LBN1 has the
consequence of strengthening the intensity dependence at the preferred frequencies
resulting in a closer correlation to the female behaviour (Figure 44A). In addition, this
effect of spike frequency filtering is supported by a delayed synaptic inhibition,
obviously further reducing probability of spiking especially in the ultrasonic frequency
range, which leads to a sharpening of the frequency tuning of LBN1 as compared to
ANL1 (Figure 44B).
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Figure 44: Responses of LBN1 and AN1 to stimuli with varying carrier frequency and intensity.
A: Comparison of LBN1's and AN1's response strength at 16 kHz and increasing intensities to the
female behaviour (red shaded area). B: Response thresholds at various frequencies (4 to 50 kHz) for
LBN1 (N=5-6 for 8, 16, 28 and 38 kHz; means and SE, at other frequencies N=1 with n=5), AN1
(N=10-23; means and SE; taken from Stumpner 1997) and various sensory neurons (SN). If no
response to a stimulus up to 90 dB SPL occurred, the threshold was set to be 100 dB SPL (data
points indicated as open circles for LBN1 - the natural values might be even higher).

3.2.2 Local brain neuron 2 (LBN2)

Another local brain neuron that can be frequently found is LBN2. Because of its
spontaneous activity and characteristical response to acoustic stimuli it can be easily
identified during the intracellular recording.

Morphology. LBN2 has been stained in four individuals and the morphology is
shown in Figure 45A, B. LBN2's spatial extent is restricted to one half of the brain. Its
soma is located close to the lateral anterior surface of the brain and to the ventral
beginning of the optical lobe. The primary neurite runs into posterior and more ventral
portions of the brain and gives off a major branch to medial areas. This branch
arborises strongly and the majority of the endings have a fine structure indicating to
be of dendritic origin (asterisk in Figure 45B right). The main stem runs posterior and
splits into two axons. One branch extends laterally and arborises strongly. The other
branch extends medially and gives off a few tiny branches. Then it takes course to
posterior lateral portions and divides into two branches. One branch is running to
medial dorsal portions along the posterior border of the lateral protocerebrum and
gives off dense arborisations. The other branch extends to anterior dorsal portions
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along the lateral border of the lateral protocerebrum and then to medial portions.
During this course it arborises densely. The arborisations of the latter described
axonal branches cover nearly the whole posterior and lateral border of the lateral
protocerebrum in a more or less thin layer. All arborisations of the axon have beaded
endings and therewith, indicate to be the major output site of LBN2.

A4

Figure 45: Morphology of LBN2 in the brain of A. nigrovittata. A: Drawing of LBN2 after a Cy3-staining
in relation to the central body (CB). Bar represents 250 um. B: Left: Confocal picture of a FITC stained
LBN2 from a different individual than shown in A. Right: Drawing of the FITC stained LBN2 (seen left)
at a larger magnification. The asterisk marks the parts of the neuron with a dendritic appearance. Bar
represents 100 um. a=anterior.

Intensity and carrier frequency dependence of LBN2 responses. In an example
recording of LBN2 to an artificial duet, a strong spiking response to the male song at
16 kHz and also to the female reply at 28 kHz can be seen (Figure 46A upper trace).
A post-excitatory inhibition of the spontaneous activity can be observed subsequent
to the male’s pulse series. Without stimulation LBN2 shows high spontaneous activity
that has been observed in every single recording of LBN2 in this study (Figure 46A
lower trace). This spontaneity of spiking shows no obvious correlation to a specific
internal oscillation or a dependence on physiological patterns as for example the
breathing rhythm. The responses to standard stimuli are displayed in Figure 46B.
Due to the high intraindividual variability of total spike numbers only the relative
magnitude of LBN2 responses is given. The high spontaneous spiking activity can
also be observed when looking at 30 dB SPL stimuli (a 50% response equals
approximately 4 spikes).
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Figure 46: Responses of LBN2 to acoustic stimuli. Blue colouration - carrier frequency of the male
song (16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Upper trace: Example
recording of the response to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female
answer at 60 dB SPL; see chapter 2.3.2 for stimulus paradigm). Lower trace: Example recording of
LBN2’'s spontaneous activity without stimulation. B: Response of LBN2 to standard stimuli (see
chapter 2.3.2) (N=4; means and SE). C: Intensity dependent response to the male song pattern at 8,
16, 28 and 38 kHz (N=3; see chapter 2.3.2 for stimulus paradigm; means and SE).

The lowest thresholds of LBN2’s responses are found for 8 and 16 kHz. Whereas the
spiking activity to 16 kHz reaches a first maximum at 50 dB SPL, slightly decreases
to 70dB SPL and then increases again to 90 dB SPL. Responses to 8 kHz are
maximal between 60 and 80 dB SPL. The spiking activity to ultrasonic frequencies,
on the other hand, is steeply increasing at intensities of 80 and 90 dB SPL. When
presenting the temporal structure of the male song (at the same intensities and
frequencies) (Figure 46C; a 50% response equals approximately 18 spikes) these
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characteristics of LBN2’s response slightly differ from the results obtained with 50 ms
stimuli (compare to Figure 46B). The most obvious difference is found for the
responses at 8 kHz. The threshold increases to 70 dB SPL and the spiking activity is
strongly reduced at 90 dB SPL. Also a stronger response to 28 kHz at 80 dB SPL
can be observed. Comparing the responses to 16 kHz at 60 dB SPL with the other
carrier frequencies a higher activity of approximately 30 to 40% can be seen. The
response strength at ca. 50% shows high standard errors which are mostly due to
the spontaneous activity. Activity above ca. 70% shows the smallest error. However,
test programs with stimuli consisting of 50 ms pulses or male song models at various
frequencies and intensities cannot explain the strong response of LBN2 to the female
reply as shown in Figure 46A (intensity of female answer pulse is 60 dB SPL).

Responses to different frequencies of the female answer in an artificial duet. An
evaluation of LBN2's response to the female reply only (for various frequencies at
60 dB SPL) is shown in Figure 47A. An increased spiking activity can only be
observed at 16, 24 and 28 kHz with responses to 28 kHz being the strongest.
Notably, the carrier frequency dependent response exhibits 2 maxima, which results
from a consistently decreased response to 20 kHz, despite the high standard errors.

A frequency of the Q-reply B varying {-reply frequency
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Figure 47: Response of LBN2 to the female answer with varying carrier frequency in an artificial duet
(see chapter 2.3.2 for stimulus paradigm). Blue indicates the male’s natural carrier frequency and red
the natural frequency of the female reply. A: Spike numbers of LBN2 (N=3; means and SE).
B: Recording examples of LBN2's response to the female reply at 16, 20, 28 and 38 kHz. Note the
decreased response to the female reply at 20 and 38 kHz.

66



Results

A recording example of one individual is given in Figure 47B. Both, at 16 and
28 kHz a strong graded potential with action potentials riding on the top caused by
the female answer can be observed. At 20 kHz a major response in LBN2 occurs to
the male trigger only. At 38 kHz the response to the female reply is considerably
lower than at 16 or 28 kHz.

To test, whether this increased response to the female reply at the correct
carrier frequency of 28 kHz only occurs when the male trigger pulse is closely
preceding, an artificial duet with variations in the pause duration between trigger and
female answer was presented (Figure 48). At pause durations of 85 ms - a distance
where graded potentials generated to the male trigger do not interfere with the
response to the female reply - a strong burst of action potentials is elicited to the
female reply. This shows the independency of the response to the female’s reply of
the preceding trigger. The shorter pause durations get, the lower the response to the
females reply. At pause durations of 5 ms a response is elicited to the male trigger
only. A possible cause might be the post-excitatory inhibition (see Figure 46A) that
occurs subsequent to the male trigger.

varying delay of the {-reply
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M I 35 ms pause response to the female answer (at 28 kHz) with

varying pause duration between male trigger
and female reply in an artificial duet (5, 35, and

85 ms pause duration; see chapter 2.3.2 for

stimulus paradigm). Blue indicates the male’s
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Carrier frequency dependent IPSPs in LBN2. During stimulation with varying
carrier frequency and increasing intensity excitation of LBN2 at sonic frequencies
(e.g. 16 kHz at 60 dB SPL) and at ultrasonic frequencies (e.g. 28 and 38 kHz 90 dB
SPL) can be observed (Figure 49). In addition, acoustically evoked inhibition of LBN2
can be seen for ultrasonic stimuli preceding the excitation (arrows in Figure 49).
Typically, these IPSPs can be clearly observed at high intensities only (80 and 90 dB
SPL). With positive current injection the lowest thresholds of these IPSPs were

67



Results

observed at approximately 60 to 70 dB SPL. The IPSP always precedes the EPSP
and has a shortest mean latency of 24.0 £0.5 ms (N=4; at 28 kHz, 80 dB SPL; mean
and SE). This may indicate a possible direct connection to an ascending interneuron
since shortest spike latencies for e.g. AN2 are 21.7 ms (see chapter 3.1.2). For
comparison the EPSP at the same frequency and intensity has a mean latency of
35.0 1.4 ms (N=4; mean and SE). The beginning of the EPSP at ultrasound,
however, is always affected by the preceding IPSP. Thus, shortest mean EPSP
latencies can be obtained at 16 kHz where no initial IPSP is present, with
32.2 £1.2 ms (60 dB SPL; N=3; mean and SE). According to this, in the excitatory
pathway of LBN2 at least one additional brain neuron has to be involved.

Frequency dependent IPSP in LBN2 25 mV
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Figure 49: Recording examples of LBN2 to standard stimuli at 60 and 90 dB SPL. The arrows mark
the preceding IPSP seen at ultrasonic stimulation.

Response of LBN2 to varying temporal parameters. LBN2's response to a
presentation of white noise with variations in the pulse/pause patterns is displayed in
Figure 50. For differing pause durations the strongest response can be observed for
the shortest as well as to longest durations tested (Figure 50A). The least response
is revealed to the natural male song pause duration (22 ms). For comparison,
although the level of LBN2's spontaneous activity is displayed (66.7 £17.8% (N=3;
mean and SE), grey line in Figure 50A). A comparison to the specificity of the female
behaviour reveals an inverse correlation with LBN2's spike activity. Hence, the
response of LBN2 may contribute to the female behaviour if the connection to its
postsynaptic neuron would be inhibitory. Stimulation with varying pulse durations
reveals the lowest activity close to the rate of spontaneous activity (65.7 £11.7%
(N=3; mean and SE), grey line in Figure 50B) for the shortest pulse duration tested.
In contrast, the spiking activity is highest to pulses of 7 ms and longer. Contrary to
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the inverse correlation found for varying pause durations, LBN2’'s spike activity
parallels the behaviour of females to shorter pulse durations than 7 ms.
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Figure 50: Mean responses of LBN2 to different temporal parameters (white noise; 70 dB SPL; see
chapter 2.3.2 for stimulus paradigm; means and SE). Important natural parameters are emphasised
(blue: male song pause/pulse duration; red: female reply pulse duration). Red shaded area indicates
female behaviour (N=5, modified from Dobler et al. 1994a). Grey line marks the level of spontaneous
activity (mean). A: Magnitude of response to stimuli with varying pause duration (N=3). B: Magnitude
of response to stimuli with varying pulse duration (N=3).

Dependence on pulse duration of the IPSP in LBN2. During stimulation with
white noise stimuli of varying pulse durations one can see that LBN2 gets multiple
inhibitory input (Figure 51). The above mentioned, initial IPSP is not seen prior to the
excitation, but at 2 ms pulses an inhibition of spontaneous activity can be observed
subsequent to a short burst of spikes.
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Stimulation with pulse durations of 25 ms elicits a clear response of LBN2, whereas
the spike activity is only slightly reduced when pulses are shortened to the natural
male song pulse duration of 7 ms. This indicates that the inhibitory influence in LBN2
has the ability to effectively lower the excitation, when series of short pulses are
presented (see also Figure 50B).

Spike latencies in LBN2. The shortest spike latencies in LBN2 were observed
for 50 ms pulses at 16 kHz at 60 dB SPL with 37.1 £2.0 ms (N=4; mean and SE). At
the same carrier frequency and intensity also shortest latencies were found when the
male song paradigm was presented.

In summary, LBN2 is influenced by at least two, possibly three auditory
neurons. The IPSP - which is strongest at ultrasonic frequencies and short pulse
durations - has short latencies and may be directly caused by an ascending
interneuron. The EPSP has long latencies, which is true for sonic and ultrasonic
frequencies. The characteristics of the excitation for low intensities are firstly, strong
responses to 16 kHz stimuli that are independent of stimulus duration (see
Figure 46B & Figure 47B) and secondly, bursts of action potentials that occur
strongest to short pulses only. These response characteristics combined in a single
neuron have not been observed in any ascending neuron. Therefore, at least two
different ascending neurons must be involved in the excitatory pathway to LBNZ2.
Whether this combined response is fed into LBN2 via a single presynaptic local brain
neuron cannot be decided from the data of this study.

3.2.3 Local brain neuron 3 (LBN3)

LBNS3 is an auditory brain neuron that has only been recorded twice. Here, the
data of one LBN3 will be exemplarily presented. The LBN3 recorded in a different
specimen behaved accordingly.

Intensity and carrier frequency dependence of LBN3 responses. Presentation of
an artificial duet evoked action potentials in LBN3 to both, the calling song of the
male and to the female reply (Figure 52A; due to the low recording quality a 5000 Hz
low-pass filter was applied). In the upper trace a single recording is displayed,
whereby the lower trace shows an average of LBN3's responses. The averaged
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EPSPs in LBN3 closely follow the pulse pattern of the male song. Also the graded
responses to the trigger pulse and the female reply are clearly separated. This
characteristic, however, is not apparent in the single recording (upper trace). The
spiking activity of LBN3 to standard stimuli shows lowest thresholds for 16 and
28 kHz (Figure 52B). The strongest activity can be seen for ultrasonic frequencies at
90 dB SPL. The response of LBN3 to an artificial duet with varying carrier frequency
of the female reply is shown in Figure 52C. The strongest responses are revealed for
24 and 28 kHz. The female answer at 16 kHz did not elicit a single spike in 5
repetitions.

A

average

[ | [
1 1 1 1
0 200 400 600 [ms]
B LBN3 C frequency of the Q-reply
61 —— 08kHz 6 1
—— 16 kHz
—— 28 kHz
5 - 38kHz S 7
D4 - o4 -
0 e}
E E
23 - 23 -
(] (]
X X
51 521
1 11
o — h - .I -- ?‘ Ll 1 0 = T T 1 1 T
25 40 55 70 85 10 15 20 25 30 35 40
Intensity [dB SPL] Carrier frequency [kHZz]

Figure 52: Response of LBN3 to acoustic stimuli. Blue colour - carrier frequency of the male song
(16 kHz) and red colour - carrier of the female reply (28 kHz). A: Example recordings of the response
to an artificial duet (male song at 70 dB SPL; female answer at 60 dB SPL; see chapter 2.3.2 for
stimulus paradigm; filtered with a 5000 Hz low-pass). Upper trace shows a single recording whereas
the lower trace shows an average of 5 repetitions. B: Response of LBN3 to standard stimuli (see
chapter 2.3.2) (n=5; means and SD). C: Response to the female answer with varying carrier frequency
in an artificial duet (n=5; see chapter 2.3.2 for stimulus paradigm; means and SD).
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Latency of LBN3 and the connection to ascending interneurons. Although the
morphology of LBN3 is unknown, the existence of prominent EPSPs (see
Figure 52A) reveal LBN3 to be an interneuron that gets its input in the brain. Shortest
spike latencies are found for 16 kHz at 90 dB SPL with 26.8 +2.2 ms (N=2, n=10;
mean and SD). The EPSP, however, has a mean latency of 19.0 £1.5 ms (N=2, n=9;
mean and SD) at the same parameters, which is consistent with LBN3 being directly
connected with an ascending interneuron. Comparing the spiking activity of LBN3 to
standard stimuli with the response of AN3 reveals some similarities (Figure 53A, B).
Both neurons comprise lowest response thresholds for 16 and 28 kHz, and stimuli
with 8 kHz elicit the least spike numbers. Also, in both neurons the responses to
16 kHz appear to saturate at 60 dB SPL before they increase again at 90 dB SPL.
The latencies of AN3 to 16 kHz stimuli at 90 dB SPL are 19.4 £0.5 ms (N=9; mean
and SE), which makes a direct connection between both neurons possible, although
an approximate synaptic delay is reported to be in the order of 1-2 ms (Hennig 1988).
In this case, however, one has to keep in mind that the above mentioned, identical
latencies were obtained in different individuals and that the variability of the EPSP
latency in LBN3 is comparatively high.
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Figure 53: Response of LBN3 and AN3 to standard stimuli (see chapter 2.3.2). Blue colour - carrier
frequency of the male song (16 kHz) and red colour - carrier of the female reply (28 kHz).
A: Response of LBN3 (n=5; means and SD). B: Response of AN3 (N=9; means and SE).

Additional indication for LBN3 being postsynaptic to AN3 is the tonic response
to stimuli with long durations. In Figure 54 recording examples of the responses of
AN3 and LBN3 is displayed to a 500 ms white noise pulse (70 dB SPL). In AN3 a
strong and tonic response can be seen that closely copies the whole length of the
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stimulus. This also reflects the amplitude of the EPSP in LBN3, whereas distinctly
fewer spikes are elicited.

AN3

100 mV‘

0 200 400 600 [ms]

Figure 54: Example recordings of LBN3 (low-pass filtered at 5000 Hz) and AN3 to a 500 ms white
noise pulse (at 70 dB SPL).

A closer look on averaged responses of LBN3 to standard stimuli does not only
reveal excitatory postsynaptic potentials (Figure 55). Stimulation with ultrasonic
frequencies at high intensities also shows inhibitory input decreasing the response of
LBN3 (marked by the asterisks).

Frequency dependent IPSP in LBN3
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Figure 55: Averaged recording examples of LBN3 (low-pass filtered at 5000 Hz) to standard stimuli at
50, 70 and 90 dB SPL. The asterisks mark a clear reduction of LBN3'’s response due to inhibition.

This inhibition, subsequent to the excitation, is frequency dependent and also seems
to affect the spiking activity at low intensities of 28 and 38 kHz (e.g. the apparently
reduced spiking activity at 38 kHz 50 dB SPL). The inhibition of response to
ultrasonic frequencies is also reflected by LBN3's spiking activity displayed in
Figure 53A. It seems to strongly reduce the activity at 50 to 70 dB SPL (compared to
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the response of AN3 in Figure 53B). At higher intensities excitation obviously
overcomes the inhibition by a tonic EPSP following the IPSP (Figure 55). The latency
of the IPSP could not be measured since the excitation concealed the beginning of
the inhibition. But the IPSP seems to stem from a neuron that exhibits a phasic
response to 50 ms stimuli since the duration of the IPSP is much shorter than the
simultaneous excitation.

3.2.4 Local brain neuron 4 (LBN4)

LBN4 is an interneuron that has only been recorded once. Nevertheless, the
physiological data of LBN4 will be presented in this chapter, since its unique
response provides a deeper insight in the neuronal processing of auditory stimuli and
possible connections between interneurons in the brain of A. nigrovittata.

Morphology. LBN4 is restricted to one side of the brain (Figure 56A). Its soma is
situated in dorsal lateral portions close to the posterior entrance of the optic lobe. The
primary neurite runs posterior and then slightly medial ventral, where a single branch

splits off that extends dorsally with minor arborisations.

Figure 56: Morphology of LBN4 in the brain of A. nigrovittata. A: Drawing of LBN4 after a Cy3-staining
in relation to the central body (CB). Bar represents 200 pm. The asterisk marks the parts of the neuron
with axonic appearance. B: Sagittal view on LBN3. Bar represents 200 um. The asterisk marks the
parts of the neuron with axonic appearance. C: Detailed view on LBN3 of the Cy3-staining. The
arrowheads mark arborisations in a “U” shape. Bar represents 100 um. a=anterior, v=ventral.

The main stem continues first to anterior, then to medial and subsequently to
posterior portions of the brain. In the part that extends medially two branches split off.
One branch extends to dorsal portions and arborises. The other branch runs to
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medial ventral portions close to the ventral perineurium of the brain. On its way
ramifications are found that remind of a “U” shape (marked by the arrowheads in
Figure 56C). A similar “U” shape can also be seen at the axonal branches of LBN1
(Figure 35B). However, the main stem continues to posterior ventral portions with a
few tiny collaterals. Then, the main stem of LBN4 changes direction to lateral ventral
regions. Here, a branch splits off that runs to the dorsal surface and arborises. All
arborisations described to this point appeared to have smooth endings indicating to
be postsynaptic. At the most ventral lateral portion of the main stem a few tiny
arborisations are found that appear to have beaded endings and may, therefore, be
the output region of LBN4 (marked by an asterisk in Figure 56A, B). The axon
subsequently changes direction to dorsal medial portions without extensive
ramifications. At its turning point, though, also a minor branch splits off that takes
course to dorsal anterior portions along the lateral border of the protocerebrum. This
branch also shows no extensive arborisations.

Intensity and carrier frequency dependence of LBN4 responses. Shortly after
the beginning of the intracellular recording procedure, high spontaneous activity
occurred in LBN4, which was most likely due to the penetration. Nevertheless, one
can see the compound potentials in LBN4 provoked by an artificial duet (Figure 57A).
In the upper trace large IPSPs are visible that closely follow the pulse pattern of the
male calling song and also occur (slightly) to the female answer pulse. Additionally,
one can observe a small EPSP preceding the IPSP. This is more obvious when
taking the average of five responses (Figure 57A lower trace). Here one can see that
the EPSPs occur at the beginning of the male’s pulse series and at the beginning of
the trigger pulse only. The spiking activity of LBN4 to standard stimuli, however,
reveals no net increase at any intensity. Instead, a strong decrease of activity can be
observed, which is due to the strong inhibition. The threshold for this inhibition is
lowest for 16, 28 and 38 kHz
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Figure 57: Response of LBN4 to acoustic
stimuli. Blue colouration - carrier frequency of
the male song (16 kHz) and red colouration -
carrier of the female reply (28 kHz). A: Example
recordings of the response to an artificial duet of
A. nigrovittata (male song at 70 dB SPL; female
answer at 60 dB SPL; see chapter 2.3.2 for
stimulus paradigm). Upper trace shows a single
recording of LBN4. The lower trace shows an
0 . . . . . average of 5 repetitions. B: Response of LBN4
0 20 40 60 80 100  to standard stimuli (n=5; means and SD).
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Dependency of the IPSP on carrier frequency in LBN4. When stimulating with
50 ms pulses of the standard test the characteristics of the IPSP depending on
carrier frequency become obvious (Figure 58). At low intensities (here: 60 dB SPL)
the IPSP is strongest for 16 kHz, whereas for higher and lower frequencies the IPSP
strength is reduced. At high stimulus intensities this difference of IPSP strength
between the carrier frequencies disappears. In the recording examples also the
EPSP and a phasic response is clearly visible. At high intensities it can be seen at all
frequencies tested, whereas at low intensities only responses to 8 and 16 kHz show
an EPSP. For one mean response of LBN4 (recording example at 16 kHz, 90 dB
SPL) also single responses are given (grey recordings) to show the constancy of the
IPSP amplitude of the single repetitions.
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Frequency dependent IPSP in LBN4
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Figure 58: Averaged recordings (of 5 repetitions) of LBN4 to standard stimuli at 60 and 90 dB SPL.
For 16 kHz at 90 dB SPL also single responses are given to allow an estimation of the variability (grey
recording). Blue colouration - carrier frequency of the male song (16 kHz) and red colouration - carrier
of the female reply (28 kHz).

The relative IPSP amplitudes can be calculated from the mean responses of
LBN4 (as displayed in Figure 58) by plotting the magnitude of IPSP amplitudes
against increasing intensity for each frequency (Figure 59A). For low intensities (50
to 70dB SPL) strongest IPSPs are found at 16 kHz stimulation. At ultrasonic
frequencies the IPSP amplitude first increases for 28 kHz at 30 dB SPL (respectively
for 38 kHz at 40 dB SPL), then saturates until 70 dB SPL and steeply increases to
90 dB SPL. Similar characteristics for the ultrasonic frequencies (and partly for
16 kHz) are found in the tonic spiking activity of LBN3 (Figure 59B).
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Figure 59: A: Relative amplitude of the IPSP in LBN4 calculated from the averaged responses (n=5;
means). B: Relative spike numbers of LBN3 (n=5; means and SD). Blue colouration - carrier
frequency of the male song (16 kHz) and red colouration - carrier of the female reply (28 kHz).
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The response to 500 ms white noise stimuli reveals strong and tonic inhibitory
input into LBN4 (Figure 60 upper trace). These tonic characteristics have also been
found in the responses of LBN3 as well as in AN3. AN3 is, among all other ascending
interneurons, the only neuron that shows such a strong activity that reflects the whole
length of the stimulus. Thus, a coupling of LBN4 to AN3 (possibly via LBN3 - see
below) may be likely.

20 mv

5mV

100 mV

0 200 400 600 [ms]

Figure 60: Example recordings of LBN4, LBN3 (filtered with a low-pass at 5000 Hz) and AN3 to a
500 ms pulse (white noise, 70 dB SPL).

IPSP latencies of LBN4. The shortest IPSP latencies for LBN4 are found for
28 kHz at 80 dB SPL with 26.8 £2.6 ms (n=5; mean and SD). This is a strong
indication that LBN4 is not monosynaptically connected with an ascending neuron
such as AN3 (shortest spike latencies are 19.2 0.4 ms - see chapter 3.1.3). A
comparison to the shortest spike latency of LBN3 (26.8 £2.2 ms; see chapter 3.2.3),
on the other hand, shows a similar magnitude (both latencies obtained in different
individuals). This finding suggests the involvement in the inhibitory pathway to LBN4
of (i) primary afferents that are responsible for the excitatory input to AN3, (i) AN3
that causes the EPSP in LBN3 and (iii) possibly LBN3 that changes the excitatory
information of AN3 to inhibition in LBN4 (Figure 61).
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EPSP latencies of LBN4 responses and its dependence on intensity. Besides
the prominent IPSP in LBN4 also excitatory postsynaptic potentials preceding the
IPSP can be found. In the beginning of the intracellular recording of LBN4 no
spontaneous activity was seen, which allowed a clear identification of the EPSP
latency (Figure 62B; no spontaneous activity was only seen for 8 and 16 kHz of the
standard stimuli program).
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Figure 62: Response of LBN4 to standard stimuli. Blue colour - carrier frequency of the male song
(16 kHz). A: Relative amplitude of the EPSP in LBN4 calculated from the averaged responses (n=5;
means). B: Recording examples of LBN4 (filtered with a low-pass at 5000 Hz) without spontaneous
activity for 8 and 16 kHz at 70 dB SPL.
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Shortest EPSP latencies were found for 16 kHz at 50 dB SPL with 19.3 0.5 ms
(n=5; mean and SD). Such short latencies strongly suggest a direct connection with
ascending interneurons. From the mean responses of LBN4 without spontaneous
activity relative EPSP amplitudes could be measured (Figure 62A; only displayed for
8 and 16 kHz). For stimuli with 16 kHz one can see optimum type characteristics with
a low threshold. The threshold for 8 kHz lies at approximately 60 dB SPL with a
saturation of response at 70 dB SPL. The maximum EPSP amplitude, however,
might be influenced by the beginning of the IPSP. From the response of LBN4
without spontaneous activity also the shortest spike latencies could be measured for
16 kHz at 50 dB SPL with 25.3 £1.9 ms (n=5; mean and SD).

3.2.5 Crossing local brain neuron 5 (cCLBN5S)

A neuron that can be easily recorded in axonal portions is cLBN5. Because of
its morphology with an axon that crosses the midline of the brain (see below) the
appendix “c” for “crossing” was added to the terminology of this neuron.

Morphology. A staining of cLBN5 was achieved once and the major branches
are shown in Figure 63. The soma of cLBN5 is located directly underneath the
posterior ventral surface of the protocerebrum.

Figure 63: Morphology of an incomplete
staining of cLBN5 in the brain of A. nigrovittata.
Drawing after a Cy3-staining in relation to the
central body (CB) and the mushroom bodies
(MB). Bar represents 200 um. a=anterior.
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The primary neurite runs dorsally and divides into two major branches in the
horizontal section of the brain, where the central body can be seen to the greatest
extent. One branch extends to lateral portions and arborises. The other branch - the
main stem - extents medially and gives off 2 minor branches. The first minor branch
runs posterior and arborises. The second branch splits off close to the pedunculus of
the mushroom body and extends laterally. No arborisations could be detected at this
branch, which was most likely due to an insufficient amount of staining substance in
the neuron. The main stem runs to dorsal portions and then changes the direction
towards the lateral protocerebrum of the contralateral side of the brain. In the medial
dorsal portion of the contralateral protocerebrum only minor arborisations could be
detected. These arborisations are most likely presynaptic since no graded potentials
could be found in the respective intracellular recording to the staining.

Intensity and carrier frequency dependence of cLBN5 responses. Intracellular
recordings were always obtained in axonal portions of cLBN5 and never in the
dendritic region. The response to an artificial duet shows a burst of action potentials
to the female answer only (Figure 64A). In two out of seven recordings occasionally
few spikes were elicited to the male song. Responses to standard stimuli were weak
(note the maximal spike numbers in Figure 64B). Slight responses can be observed
to ultrasonic frequencies with lowest thresholds at 40 dB SPL. The threshold for 8
and 16 kHz is 20 dB higher. Considerably higher spike numbers are found in cLBN5
when presenting the species specific duet with varying carrier frequency of the
female reply (Figure 64C). The maximum activity can be found for ultrasonic
frequencies (up to at least 50 kHz) with nearly no response at sonic frequencies.
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Figure 64: Response of cLBN5 to acoustic stimuli. Blue colouration - carrier frequency of the male
song (16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Example recording of the
response to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female answer at 60 dB SPL;
see chapter 2.3.2 for stimulus paradigm). B: Response of cLBN5 to standard stimuli (see
chapter 2.3.2) (N=8; means and SE). C: Response to the female answer with varying carrier
frequency in an artificial duet (N=7; see chapter 2.3.2 for stimulus paradigm; means and SE).

Response of cLBN5 to varying temporal parameters. Acoustic stimulation of
cLBN5 with white noise pulses at differing pause durations reveals in each individual
the strongest spiking response at 15 ms pause duration with optimum type
characteristic (Figure 65A). Short pause durations of 2 and 5 ms evoke nearly no
responses whereby pauses at 35 and 61 ms show a 50% response. This decreased
response to short pause durations parallels the female behaviour. The activity of
cLBN5, however, most likely is not relevant for the recognition of male song models,
since in an artificial duet its response only occurred to the female answer (in nearly
all cases; see Figure 64A). Accordingly, stimulation with varying pulse durations
reveals high spike numbers for the shortest pulses (Figure 65B left). Despite the high
standard error at 2 ms pulse durations (that reflects a high intraindividual variability in
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total spike numbers), the strongest magnitude of response occurred in every
individual always to the shortest pulse duration tested (Figure 65B right).
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Figure 65: Mean response of cLBNS5 to different temporal parameters (white noise; 70 dB SPL; see
chapter 2.3.2 for stimulus paradigm; means and SE). Important natural parameters are emphasised
(blue: male song pause/pulse duration; red: female reply pulse duration). A: Spike number (left) and
magnitude of response (right) to stimuli with varying pause duration (N=3). Red shaded area indicates
the female behaviour (N=5, modified from Dobler et al. 1994a). B: Spike number (left) and magnitude
of response (right) to stimuli with varying pulse duration (N=3).

Mirror-image partners of cLBN5. In one individual of A. nigrovittata it was
possible to obtain intracellular recordings of both mirror-image partners of cLBN5
(identified by their physiology). Both cLBN5’s were recorded in the axonal part, where
no graded potentials could be observed. Similar overall frequency and intensity
dependent characteristics were found for both mirror-image partners (Figure 66).
Both partners exhibit low thresholds for ultrasonic frequencies and high thresholds for
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sonic frequencies. Also the overall spike number is similar in both neurons and may
differ by maximal one spike at ultrasonic frequencies. This may mostly be due to the
high variability of spike number within each cLBN5. The response of both cLBN5’s to
stimulation with an artificial duet and varying female answer carrier frequencies also
look very similar (data not shown - the overall characteristics and spike number
correspond to the mean response shown in Figure 64C).

mirror-image partners of cLBNS in one individual
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Figure 66: Response of both cLBN5 mirror-image partners in the same individual to standard stimuli
(see chapter 2.3.2) (n=5; means and SD). Blue colouration - carrier frequency of the male song
(16 kHz) and red colouration - carrier of the female reply (28 kHz).

Spike latencies in cLBN5. The shortest spike latencies of cLBN5 for ultrasonic
frequencies were found at 80 dB SPL with 35.3 +2.7 ms (N=8; mean and SE). This is
similar to the spike latencies obtained for LBN2. Since no information is available
about beginnings of graded potentials in cLBN5 no conclusions can be drawn
concerning a possible connection to ascending neurons. However, the characteristics
of cLBN5 do not correspond to those of any single ascending neuron.
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3.2.6 Local brain neuron 6 (LBNG6)

LBNG is a neuron that can be frequently recorded in the axonal portions in the
lateral protocerebrum of the brain. It can be clearly identified by its response to low
frequency stimuli. No staining could be obtained of LBN6 so far. Therefore, it is
unknown whether LBN6 is an ascending neuron or a crossing local brain neuron.
Intracellular recordings were obtained from 12 neurons but the amplitude of action
potentials never exceeded approximately 10 mV. This may most likely be due to a
small diameter of LBN6’s axon and possibly indicate it being a local neuron.

Intensity and carrier frequency dependence of LBN6 responses. Only few
LBNG6s elicit occasionally one or two action potentials to a presentation of an artificial
duet. But a response occurred always to a white noise 500 ms pulse (Figure 67A). A
strong burst of spikes is elicited at the beginning of the pulse that reveals the phasic
response characteristics of LBN6. Responses to standard stimuli show the strongest
activity for 8 kHz at 60 dB SPL (Figure 67B). Also at 16 kHz an optimum type
characteristic is found with a much lower response, though. Ultrasonic frequencies
elicit relatively weak responses at high intensities. Low thresholds and strong spiking
activities to 8 kHz were never observed for any ascending sound activated neuron in
A. nigrovittata. Only vibratory neurons showed strongest activity at 8 kHz but with a
much higher threshold (see chapter 3.1.7). The responses of LBN6 to vibrational
stimuli were weak and have been observed only occasionally. In Figure 67C the
responses to ipsi- and contralateral stimulation (respectively to the side of
penetration) at 8 and 16 kHz of one LBNG6 is displayed. The data obtained for both
carrier frequencies are contrary. A lower response threshold and a higher maximum
spike number are found for ipsilateral stimulation at 8 kHz. In contrast, the threshold
at 16 kHz is 10 dB lower for contralateral stimulation with similar maximum spike
numbers. This finding suggests that LBN6 may receive excitatory input from both
ears.
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Figure 67: Responses of LBN6 to acoustic stimuli. Blue colouration - carrier frequency of the male
song (16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Example recording of the
response to a 500 ms pulse (white noise, 70 dB SPL; filtered with a low-pass at 5000 Hz).
B: Response of LBN6 to standard stimuli (see chapter 2.3.2) (N=12; means and SE). C: Intensity
dependent response of one LBN6 stimulated at 8 and 16 kHz ipsi and contralateral of the recording
site (n=5; pulse duration: 50 ms; means and SD).

Responses of LBNG6 to varying temporal parameters. The responses to differing
pulse/pause durations of LBN6 are displayed in Figure 68. A clear response
maximum can be seen for the shortest pause durations tested (2 ms; Figure 68A).
For higher pause durations LBN6's response is about 50% reduced in comparison to
the maximum. Pulse durations of 2 ms as well as pulse durations of 15 ms and
longer reveal the strongest spiking activity (Figure 68B). The minimal response can
be seen at 7 and 10 ms. Taken the data of the varying temporal patterns together,
one can see a reduced response of LBN6 to the natural male song pulse/pause
durations (indicated by the blue data point in Figure 68). Also the specificity of the
female behaviour to natural male song parameters exhibits a maximum where LBN6
has a response minimum.

86



Results

A LBNG LBN6
71 100 -
6 -
—~ 80 1
5 - S
5 =
Qg D 60 -
= &
2 -
C3 17}
g § 40
H2 - S
behaviour
O T T T T T T 0 T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Pause duration [ms] Pause duration [ms]
B LBN6 LBN6
12 1 100 -
— 80 A
9 1 X
[ s E
38 S 60 -
£ 6 2
c [72)
g g 40
Q.
@ 3 8 ,-
é 20 1 ;
behaviour
O T T T T T 0 T T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Pulse duration [ms] Pulse duration [ms]

Figure 68: Mean responses of LBN6 to different temporal parameters (white noise; 70 dB SPL; see
chapter 2.3.2 for stimulus paradigms; means and SE). Important natural parameters are emphasised
(blue: male song pause/pulse duration; red: female reply pulse duration). Red shaded area indicates
female behaviour (N=5, modified from Daobler et al. 1994a). A: Spike number (left) and magnitude of
response (right) to stimuli with varying pause duration (N=3). B: Spike number (left) and magnitude of
response (right) to stimuli with varying pulse duration (N=3).

Spike latencies in LBN6. Shortest spike latencies with 34.7 £1.0 ms (N=12;
mean and SE) are found at 8 kHz 60 dB SPL. This result is strong evidence against
the possibility of LBN6 being an ascending interneuron. For comparison, shortest
spike latencies for sound activated ascending neurons were between 18.6 ms (AN1)
and 24.9 ms (ANX).

87



Results

3.2.7 Local brain neuron 7 (LBN7)

LBN7 is a neuron that is rarely recorded in the brain. In the following, the
morphology and physiology of one LBN7 will be exemplarily presented. This data
was confirmed by a further staining and recording in a different specimen.

Morphology. The spatial extent of LBN7 is restricted to one side of the brain
(Figure 69A). Its soma is situated in the dorsal medial portion of the hemiganglion (in
Figure 69B, C indicated by an arrow). The primary neurite runs ventrally and splits
into one minor and two major branches. The minor branch extends to anterior ventral
regions and arborises densely. One of the major branches runs to lateral ventral
portions and two to three collaterals split off that arborise in posterior and dorsal
regions of the brain. The main stem of the major branch, however, takes course to
more ventral anterior portions and arborises densely in the same area where the
minor branch also exhibits its ramifications. The dense arborisations seem to have

beaded ending indicating to be presynaptic.

Figure 69: Drawing of LBN7 and AN2 in the brain of A. nigrovittata. A: Horizontal overview of LBN7
left and AN2 right (taken von Stumpner & Molina 2006). Bar represents 200 um. B: Sagittal overview
in the brain. The arrow marks the soma of LBN7. Bar represents 200 um. C: Detailed view on LBN?7.
The arrow marks the soma. Bar represents 50 um. a=anterior, v=ventral.

The other major branch extends to medial ventral portions without arborising. Then, it
changes the direction and runs to lateral portions of the brain. Here, arborisations are
found that have smooth endings indicating to be postsynaptic. The stem of this major
branch now extends to more dorsal portions and a few arborisations are found that
appear to have beaded endings. In Figure 69A also the arborisations of AN2 from a
different individual are displayed (LBN7 seems to be monosynaptically connected to
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AN2 - see below). For alignment of the two neurons the position of midline, deuto-
and protocerebrum was taken as a reference. The possible site of connection could
not be detected since AN2’s arborisations widely overlap with these of LBN7.

Intensity and carrier frequency dependence of LBN7 responses. In Figure 70A
an example recording of LBN7 to an artificial duet is shown. A response can be seen
at the beginning of the male calling song as well as to the male trigger pulse and the
female reply. The strongest spiking activity, though, can be observed to the female

reply.
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Figure 70: Response to acoustic stimuli. Blue colouration - carrier frequency of the male song
(16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Example recording of the
response of LBN7 (depolarised) to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female
answer at 60 dB SPL; see chapter 2.3.2 for stimulus paradigm). The arrow marks the IPSP.
B: Response of LBN7 (depolarised) to standard stimuli (see chapter 2.3.2) (n=5; means and SD).
C: Response of AN2 to standard stimuli (see chapter 2.3.2) (N=7; means and SE).
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Obviously, the excitatory input to the male pulse series in LBN7 gets inhibited (arrow
in Figure 70A) by a strong IPSP (subsequent to excitation). Thus, only few spikes are
elicited at the beginning. LBN7’s response to 50 ms pulses at increasing intensity
and varying carrier frequency shows lowest thresholds for 16 kHz stimuli (50 dB SPL,;
Figure 70B). The response threshold to ultrasonic frequencies can be seen for
28 kHz at 70 dB SPL and for 38 kHz at 80 dB SPL. The overall characteristic of the
spiking activity of LBN7 to standard stimuli is very similar to the spiking activity of
AN2 (Figure 70C) although a difference is found in the responses to 28 kHz at 50
and 60 dB SPL (this difference is not seen in the responses of AN2 when recorded in
the thorax - compare to Figure 10B). A comparison of LBN7’s response to ipsi- and
contralateral stimulation (relative to the side of penetration) is displayed in Figure 71
(see also Figure 76). At stimuli with 28 kHz the ipsi-/contralateral difference is much
larger than at 16 kHz. This indicates that the inhibition found in LBN7 originates (at
least partially) from the contralateral ear and may contribute to the reduced spiking at
medium intensities at 28 kHz when compared to the responses of AN2 (Figure 70C).
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Figure 71: Intensity dependent response of one
LBN7 stimulated at 16 and 28 kHz ipsi- and
contralateral of the recording site (n=5; pulse
o5 40 55 70 85 duration: 50 ms; means and SD).
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Responses of LBN7 to varying temporal parameters. The response of LBN7 to
variations in pause duration is displayed in Figure 72A. Highest spike numbers are
found with pause durations of 35 and 61 ms. The strong decrement of response with
shorter pauses may be due to the delayed IPSP that inhibits the excitation and
prevents LBN7 from spiking when pauses are shorter than 35 ms (Figure 72B). Only
a burst of a few action potentials can be seen at the beginning of the pulse series.
The strong dependence of LBN7’s spiking on pause duration may therefore be due to
the duration of the IPSP that ends before the next pulse occurs (only at pause
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durations of 35 ms or longer). A similar effect can also be observed in AN2 (see
Figure 12A).
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Figure 72: Response of LBN7 (depolarised) to different pause durations (white noise; 70 dB SPL; see
chapter 2.3.2 for stimulus paradigms). A: Spike number to stimuli with varying pause duration (n=5;
means and SD). Important natural parameters are emphasised (blue: male song pause duration).
B: Example recordings to stimulation with pulses divided by 2, 22 and 61 ms pauses.

The response of LBN7 to a presentation of stimuli with varying pulse duration is
displayed in Figure 73.
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Figure 73: Response of LBN7 (depolarised) to different pulse durations (white noise; 70 dB SPL; see
chapter 2.3.2 for stimulus paradigms; n=5; means and SD). Spike number is displayed left and
magnitude of response right. Important natural parameters are emphasised (blue: male song pulse
duration; red: female reply pulse duration). Red shaded area indicates female behaviour (N=5,
modified from Dobler et al. 1994a).
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The highest spike numbers are revealed for stimuli with short pulse durations (shorter
or equally to 10 ms). The maximum response is comparatively smaller than the
maximum for variations in pause duration. This is most likely due to the suboptimal
pause duration of the varying pulse paradigm (pause duration: 22 ms; see response
maximum in Figure 72A). In comparison to the behaviour, the relative spike numbers
of LBN7 closely correspond with the decreasing response of female A. nigrovittata to
longer pulse durations than 7 ms. Such a close correlation of relative spike number
and female behaviour at increasing pulse duration can also be observed in AN2 (see
Figure 12B).

Response to different frequencies of the female answer in an artificial duet.
When stimulating with an artificial duet and variation in carrier frequency of the
female reply a strong response of LBN7 can only be seen at 24 and 28 kHz with
optimum type characteristic (Figure 74A; similar characteristics are found in AN2 -
see Figure 11). Stimuli with higher or lower carrier frequencies only elicit very few
action potentials. To 50 ms pulses nearly no responses in LBN7 can be seen for
28 kHz at 60 dB SPL (the female reply in the artificial duet is also presented at 60 dB
SPL; see also Figure 70B).
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Figure 74: Response of LBN7 (depolarised) to the female answer with varying carrier frequency in an
artificial duet (see chapter 2.3.2 for stimulus paradigm). Blue indicates the male’s natural carrier
frequency and red the natural frequency of the female reply. A: Spike numbers of LBN7 (n=5; means
and SD). B: Recording examples of LBN7’s response to the female reply at 16, 28 and 38 kHz. The
arrows mark the beginnings of excitation to stimuli with frequencies outside the best range of
response.
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In the example recording (shown in Figure 74B) one can clearly see the strong
response to 28 kHz. The slight response to stimuli with 16 or 38 kHz is shifted to
higher latencies (see arrows in Figure 74B). This might be due to a delayed inhibition
caused by the male trigger pulse, although direct evidence has not been observed.
Stimulation with carrier frequencies outside the best response of LBN7 might only
cause a small excitatory input to LBN7 that may be affected by the delayed IPSP.
Additionally, LBN7 seems to receive inhibition in the higher ultrasonic frequency
range (note the initial IPSP to the female reply at 38 kHz).

However, at this stimulus paradigm the female reply has a constant latency of
35 ms. This also is the pause duration where strongest response in LBN7 can be
observed in the paradigm with the varying pause durations in a model of the male
song with white noise (see Figure 72). To test whether the IPSP may influence the
response to short 28 kHz stimuli, the latency of the female answer pulse in an
artificial duet was varied (Figure 75). Independent of the latency of the female reply
to the trigger pulse, 28 kHz elicits a strong excitatory response in LBN7, despite a
potential delayed inhibition.
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Spike latencies in LBN7. For 50 ms pulse durations shortest spike latencies
were measured in LBN7 with 29.7 £0.8 ms (n=5; 28 kHz, 90 dB SPL; depolarised;
mean and SD). The shortest EPSP latency, however, is 21.6 £1.4 ms at 28 kHz and
70 dB SPL (n=5; mean and SD). This strongly indicates a monosynaptic connection
to an ascending interneuron. The response characteristics of LBN7 at all acoustical
programs tested in this study closely match the response characteristics of AN2
(shortest spike latency of 21.7 ms in brain recordings of AN2; see chapter 3.1.2).
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This applies for the intensity dependence at various frequencies, the dependence on
temporal parameters (especially the dependence on pulse duration) and the
dependence on the carrier frequency of the female reply. Therefore, it is most likely
that LBN7 is directly connected to AN2. However, in addition to the input of AN2,
LBN7 receives inhibitory input from a different neuron. The latency of the inhibition
could not be determined, though, since the beginning of the IPSP was always
concealed by the preceding EPSP.

Secondary long latency response in LBN7. High intensity stimulation at various
carrier frequencies evokes a relatively short latency spiking response in LBN7 (see
above). Approximately 600 to 650 ms subsequent to these high intensity stimuli a
secondary response of LBN7 can be observed (Figure 76).
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c Figure 76: Recording examples of LBN7’s

response (depolarised) to 50 ms stimuli at 90 dB
SPL (at 16 and 28 kHz). Note the long latency
secondary response of LBN7 to the stimulus.
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This secondary response consists of graded potentials that are able to reach the
spiking threshold. The strongest response with a maximum of 3 spikes could be
observed at 28 and 30 kHz (50 ms pulse duration, 90 dB SPL). Also with stimulation
from the contralateral side of penetration this secondary response can be observed,
but the latency of the graded potential and the spikes are increased by approximately
100 ms.
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3.2.8 Crossing local brain neuron 8 (CLBNS8)

An interneuron that is often recorded in the lateral protocerebrum is cLBNS.
Because of its low spiking activity a clear classification was only achieved by its
characteristical morphology. Thus, the data presented in this chapter only stems from
cLBN8s where morphology has been verified by a staining.

Morphology. In Figure 77 the morphology of cLBN8 from three different
individuals is displayed. In the left and middle brain the complete morphology is
given, whereas only the soma ipsilateral arborisations were stained in the right brain
(nevertheless, a clear axon running to the contralateral side could be seen). The
soma is always located underneath the anterior lateral surface of the brain (in more

dorsal regions) close to the entrance of the optical lobe.

Figure 77: Morphology of cLBN8 in the brain of A. nigrovittata assured in 3 individuals (in the right
drawing only arborisations ipsilateral to the soma were seen). Bar represents 200 um. a=anterior.

The primary neurite extends medially posterior and sometimes also to more dorsal
portions of the brain. Then it splits into two major branches. One branch runs to
posterior lateral regions and arborises in ventral direction. The other major branch
may slightly extend to lateral portions until it divides into two branches or may split
already at the end of the primary neurite. One of these branches extends to posterior
portions and may have a few more or less thick collaterals. This branch (and its
collaterals) exhibits dense arborisations along the posterior border of the lateral
protocerebrum in dorsal and ventral direction. All arborisations described to this point
have smooth endings indicating to be postsynaptic. The other branch extents slightly
to anterior ventral portions until it changes its direction directly running to the lateral
protocerebrum of the other half of the brain. On its way a few ramifications are found
that have beaded endings indicating to be presynaptic. At least one minor branch
(sometimes more) splits off and extends back into the direction of the dendritic
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arborisations. This minor branch, though, runs in more ventral portions of the brain
and thus, its sparse axonal arborisations are situated mostly in a different layer than
the dendritic ramifications. The main axon, however, crosses the midline of the brain
anterior to the central body. In the soma-contralateral side of the brain the axon gives
off a collateral (at approximately the same position - in the other side of the brain
though - where soma-ipsilateral the minor axonal branch extended back to the
dendritic arborisations). The collateral runs to lateral slightly posterior portions and
arborises sparsely in ventral direction. The main axon, on the other hand, extends to
lateral portions and also arborises sparsely in ventral direction.

Intensity and carrier frequency dependence of cLBN8 responses. Presentation
of an artificial duet evokes obvious EPSPs in cLBNS8 to the male calling song and to
the female reply (Figure 78A). Spiking occurred occasionally to the female reply only.
The overall spiking activity to standard stimuli was also very low for all carrier
frequencies (Figure 78B). The strongest response, however, was found for 28 kHz at
40 dB SPL although the spike number differs greatly between the individuals (note
the high standard error). When considering the mean response strength of the
individuals, the strongest response was always found at this carrier frequency and
intensity (28 kHz at 40 dB SPL; Figure 78C). A similar maximum in response for
standard stimuli can be found in ANx (see Figure 30A).

Latency and intensity dependence at various frequencies of cLBN8’s EPSP. In
Figure 79 the latencies of the EPSPs in cLBN8 are displayed for all frequencies of
the standard stimuli. The shortest latencies can be observed for stimuli to both
ultrasonic frequencies. EPSP latencies to 16 kHz stimulation are increased by about
3 ms at all intensities tested when compared to 28 kHz. The shortest latencies,
however, were found for 28 kHz at 80 dB SPL with 19.4 £0.2 ms (N=4; mean and
SE). Such short latencies strongly suggest a monosynaptic coupling to an ascending
interneuron. The shortest spike latencies of cLBN8 were measured for 28 kHz at
70 dB SPL with 31.6 £+4.2 ms (N=4; mean and SE).
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Figure 78: Response of cLBN8 to acoustic stimuli. Blue colouration - carrier frequency of the male
song (16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Two example recordings of
the response to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female answer at 60 dB
SPL; see chapter 2.3.2 for stimulus paradigm). B: Spike numbers of cLBN8 to standard stimuli (N=4;
means and SE). C: Response strength of cLBN8 to standard stimuli (N=4; means and SE).
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For one example also the EPSP amplitudes could be measured from the
original recording data obtained during the presentation of standard stimuli
(Figure 80A). A lowest threshold for graded potentials in cLBN8 can be seen for
28 kHz below 40 dB SPL. The thresholds for stimuli with 16 and 38 kHz was found to
be 10 dB higher. The overall intensity dependence of cLBN8's EPSP to standard
stimuli is similar to the spiking responses of TN1 (Figure 80B). Both neurons show a
low response to stimuli with 8 kHz. At 28 kHz a response peak is found at 40 dB SPL
(respectively 50 dB SPL for 38 kHz) that is followed by a slight decrease in activity
and an increase to higher intensities. Such characteristical response to ultrasonic
frequencies has not been found in any ascending neuron except TN1. When
comparing the shortest latencies of cLBN8's EPSPs (19.4 £+0.2 ms - see above) to
the shortest latencies of TN1 (19.5 £0.6 ms - see chapter 3.1.5) a direct connection
between both neuron seems likely (note that the closely corresponding latencies of
TN1-spikes and cLBN8-EPSPs were obtained in different individuals). Thus, despite
a similar spiking activity of cLBN8 and ANXx, a connection between both neurons
seems unlikely. Furthermore, the shortest spike latency of ANx with 24.9 +0.6 ms
(see chapter 3.1.6) is too long to release an EPSP with a shorter latency in cLBNS.
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Figure 80: Responses to standard stimuli. Blue colouration - carrier frequency of the male song
(16 kHz) and red colouration - carrier of the female reply (28 kHz). A: EPSP amplitude of the EPSP in
cLBN8 (n=5; means and SD). B: Relative spike number of TN1 (N=15-16; means and SE).

Responses of cLBN8 to varying temporal parameters. Stimulation of cLBN8
with white noise stimuli of varying temporal pattern shows no obvious dependency on
pause duration (Figure 81A).
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Figure 81: Response strength of cLBN8 (depolarised) to different temporal parameters (white noise;
70 dB SPL; see chapter 2.3.2 for stimulus paradigm; means and SE). Important natural parameters
are emphasised (blue: male song pause/pulse duration; red: female reply pulse duration).
A: Magnitude of response to stimuli with varying pause duration (N=3). B: Magnitude of response to
stimuli with varying pulse duration (N=3).

The highest spike numbers can be seen at 22 ms pause duration with 3.3 +1.3 spikes
(N=3; mean and SE). At varying pulse durations the strongest response of cLBN8 is
found for stimuli with the shortest pulse duration tested (2 ms; pulse duration of the
female reply) although the maximum spike number is low (2.1 +0.7 spikes - N=3;
mean and SE; Figure 81B). This increase in response to short pulse durations can
also be observed in TN1 (see chapter 3.1.5).

Response to different frequencies of the female answer in an artificial duet.
When presenting an artificial duet with varying carrier frequencies of the female reply
the strongest spiking activity is revealed for 24 kHz (Figure 82). The response to
28 kHz seems to be reduced although a high intraindividual variability is evident for
all ultrasonic frequencies above 24 kHz. A strong decrease in response, however,
can be clearly observed for sonic frequencies (with a small standard error) and can
also be found in the responses of TN1l to the same stimulus paradigm (see
Figure 24).
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0.5 1 answer with varying carrier frequency in an
artificial duet (see chapter 2.3.2 for stimulus
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0 ; I . . . . carrier frequency and red the natural frequency
10 15 20 25 30 35 40 of the female reply (N=3; means and SE).

Carrier frequency [kHz]

Inhibition of cLBN8's response at ultrasonic frequencies. In one intracellular
recording of a depolarised cLBN8 also IPSPs were found subsequent to the
excitation (Figure 83). These IPSPs had a comparatively long latency of 51.8 +1.5 ms
(for 46 kHz at 90 dB SPL; n=5; mean and SD) and a long duration of 209.1 +34.0 ms
(n=19; mean and SD; arrows mark the beginning and the end of the IPSP in
Figure 83). In the original recordings of cLBNS8 it was clearly visible at 90 dB SPL for
all ultrasonic frequencies. Only for 46 kHz the IPSP was already seen at 80 dB SPL.
At lower intensities the IPSP may disappear in the compound potential but may
influence the spiking activity for ultrasonic frequencies of cLBNS.

IPSP in cLBN8

25 mvV

Figure 83: Example recording of the response
of cLBN8 to a 50ms pulse at 90dB SPL
(46 kHz; depolarised). Note the long duration of
— the IPSP (beginning and end marked by the
I i ] arrows).
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3.2.9 Local brain neuron 9 (LBN9)

Another interneuron that has been recorded five times in the brain of
A. nigrovittata is LBN9. The characteristical response to an artificial duet separates
LBN9 from other auditory brain neurons and makes a definite classification possible.

Morphology. One complete staining shows the morphology of LBN9 which is
displayed in Figure 84. The overall extent is restricted to one half of the brain
(Figure 84A). The soma of LBN9 is situated underneath the dorsal surface in the
lateral protocerebrum of the brain. Its primary neurite runs anterior, then posterior
and slightly lateral on its way to more ventral portions of the brain. Then the primary
neurite divides into two major branches (see detailed view of LBN9 in Figure 84B).
One branch extends to anterior portions whereby dense arborisations are given off to
dorsal as well as to ventral portions. These arborisations seem to be postsynaptic
due to its smooth endings. The other major branch extends medially anterior, in
ventral direction without any arborisations. Then it runs laterally and ramifications are
found with beaded endings indicating to be the axonal part of LBN9. The major axon
divides into two minor axons. One of the minor axons runs anteriorly and gives off
dense arborisations. The other minor branch extends to lateral posterior portions and

gives off sparse arborisations.

Figure 84: Morphology of LBN9 in the brain of A. nigrovittata. A: Horizontal overview of LBN9 after a
Cy3-staining in relation to the central body (CB). Bar represents 200 um. B: Detailed view on LBN9, at
which major branches are emphasised. Bar represents 50 um. a=anterior.
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Intensity and carrier frequency dependence of LBN9 responses. The response
to an artificial duet is very characteristical (Figure 85A). The calling song of the male
elicits a strong IPSP whereas the female reply elicits a strong EPSP in LBN9. In the
average of five repetitions (lower trace in Figure 85A) one can see the whole duration
of the IPSP that may last for several hundred milliseconds (marked by the arrows in
Figure 85A). Spiking occurred to the female reply only. Responses to 50 ms pulses
of the standard stimuli were low at all frequencies tested (Figure 85B). Stimulation

with an artificial duet and varying carrier frequency, however, revealed a highest
spike numbers at 24 and 28 kHz (Figure 85C).
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Figure 85: Response of LBN9 to acoustic stimuli. Blue colouration - carrier frequency of the male
song (16 kHz) and red colouration - carrier of the female reply (28 kHz). A: Example recording of the
response to an artificial duet of A. nigrovittata (male song at 70 dB SPL; female answer at 60 dB SPL;
see chapter 2.3.2 for stimulus paradigm). Upper trace shows a single recording whereas the lower
trace shows an average of 5 repetitions. The arrows mark the beginning and the end of the inhibition.
B: Response of LBN9 to standard stimuli (N=3; means and SE). C: Response to the female answer
with varying carrier frequency in an artificial duet (N=4; see chapter 2.3.2 for stimulus paradigm;
means and SE).
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IPSP and EPSP dependence on carrier frequency and intensity during
stimulation with the male calling song. In Figure 86 averaged recordings of LBN9 to
the male calling song with varying frequency and intensity are displayed. At low
intensities (50 dB SPL) a strongest spiking response can only be found at 28 kHz
(marked by an asterisk). At 70 dB SPL IPSPs can be clearly seen in the response to
sonic frequencies. At the same intensity only compound potentials can be seen at the
responses to 28 and 38 kHz. Contrary to 70 dB SPL, at 90 dB SPL strongest IPSPs
can be observed in the response to 28 and 38 kHz. The IPSP at the sonic
frequencies, on the other hand, seems to be reduced. Also excitation can is visible in
the averaged recordings (marked by the arrows) that is pronounced in the activity of
LBNO for all frequencies with 90 dB SPL stimulation. The EPSP always precedes the
IPSP and has a shortest latency of 19.8 t1.5ms (at 28 kHz and 80 dB SPL;
measured at the responses to standard stimuli; n=5; mean and SD). This indicates a
direct coupling to an ascending interneuron. The IPSP has a shortest latency of
28.4 +1.8 ms for 16 kHz at 60 dB SPL (measured at the responses to standard
stimuli; n=5; mean and SD), which indicates the involvement of at least one
additional interneuron in the inhibitory pathway to LBN9. The latency of the IPSP to
the beginning of the male calling song is markedly longer with 45.9 +1.1 ms (16 kHz
at 70 dB SPL; N=3, mean and SE). Due to the interaction of the EPSP and IPSP in
the compound potential, no absolute amplitudes could be measured.

08 kHz 16 kHz

28 kHz 38 kHz

| 50 dB SPL
‘ MMV }
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Figure 86: Averaged recordings (of 5 repetitions) of LBN9 to the male calling song for 8, 16, 28 and
38 kHz at 50, 70 and 90 dB SPL (see chapter 2.3.2 for parameters of the stimuli). The asterisks mark
the increased response of LBN9 to 28 kHz stimuli at low intensities. The arrows mark clearly visible
EPSPs preceding the IPSP. Blue colouration - carrier frequency of the male song (16 kHz) and red
colouration - carrier of the female reply (28 kHz).
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Time constants of the IPSP and EPSP in LBN9. In Figure 87 averaged
responses of two individuals are displayed to stimulation with an artificial duet and
varying carrier frequency of the female reply. It has already been shown that the
inhibition in LBN9 may last for several hundred milliseconds (also see Figure 85A).
Such long time constants can also be observed when stimulating with the female
answer at 24 kHz. The graded potential slowly decreases in amplitude and continues
until the beginning of the subsequent verse of the duet. The EPSP may then even
get “aborted” by the beginning of the IPSP (see arrow in Figure 87). This has not
been observed with stimulation of other carrier frequencies than 24 kHz. At 28 kHz
only a small EPSP can be seen that is short in duration (compare with the grey
overlay of the 24 kHz-stimulation). For stimulation with 16 kHz no EPSPs gets elicited
but a slight IPSP is evident. Such a long duration response (as seen at 24 kHz) has
never been observed from an ascending interneuron although the EPSP latencies
strongly suggest LBN9 to be a second order interneuron in the excitatory pathway.
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Figure 87: Averaged recordings (5 repetitions) of LBN9 to an artificial duet with varying carrier
frequency of the females reply (see chapter 2.3.2 for parameters of the stimuli). The arrow marks the
“abortion” of the EPSP to the female reply by the IPSP of the subsequent verse. Grey overlay at
28 kHz shows the different amplitudes of the EPSPs to 28 and 24 kHz stimuli. Blue colouration -
carrier frequency of the male song (16 kHz) and red colouration - carrier of the female reply (28 kHz).
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3.2.10  Local brain neuron 10 (LBN10)

LBN1O is an interneuron that has been recorded twice. Characteristically, high
spontaneous activity can be seen during the intracellular recording that gets inhibited
by acoustical stimulation. The morphological extent of LBN10 could not be fully
obtained but a faint Cy3-staining supposes LBN10 to be restricted to one half of the
brain with its soma situated near the anterior lateral surface of the brain, close to the
anterior entrance of the optical lobe.

Responses of LBN10 to an artificial duet and to standard stimuli. Stimulation
with an artificial duet evokes strong inhibitory postsynaptic potentials in LBN10 to
both, the male calling song and to the female answer (Figure 88). Although the
inhibition to the male’s pulse series lasts until shortly before the trigger pulse, spikes
can be recorded when the potential has not even reached the level of the resting
membrane potential.
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Figure 88: Two example recordings of LBN10 to an artificial duet of A. nigrovittata (male song at
70 dB SPL; female answer at 60 dB SPL; see chapter 2.3.2 for stimulus paradigm). Blue colouration -
carrier frequency of the male song (16 kHz) and red colouration - carrier of the female reply (28 kHz).

When stimulating with standard stimuli the frequency dependence of the IPSP
becomes evident (Figure 89). At 50 dB SPL a strong IPSP with a short duration can
be observed at 28 kHz. At 16 kHz the IPSP has a comparatively longer duration. This
indicates that possibly the output of two presynaptic neurons are responsible for the
IPSPs in LBN10. One of these neurons may exhibit a tonic response that causes the
IPSP with the long duration, whereas the other neuron may have phasic spiking
activity that causes the IPSP with the short duration. With increasing intensities this
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multiple inhibition becomes more obvious. At 28 kHz the tonic IPSP increases in
amplitude and mixes with the phasic IPSP. This leads to a biphasic appearance of
the IPSP in the intracellular recording. The same is true for stimuli with 16 kHz carrier
frequency at increasing intensities. Here, the phasic IPSP (that is already present at
50 dB SPL) gains in amplitude, which also leads to the biphasic appearance.
Responses of LBN10 for 38 kHz at low intensities only show inhibition by the phasic
input. At 38 kHz also the tonic input increases. At 8 kHz inhibition of the response is
mainly evident at high intensities only.
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Figure 89: Averaged example recordings (n=5) of LBN10 to standard stimuli at 50, 70 and 90 dB SPL.
Note the two independent IPSPs in LBN10.

IPSP latencies and characteristics. The phasic IPSP exhibits short latencies. The
shortest latencies were found for 28 kHz at 90 dB SPL with 20.1 £2.4 ms (N=2, n=8;
mean and SD). Such short latencies suggest an ascending interneuron to be the
candidate for the inhibitory input in LBN10. In order to reveal the characteristics of
the phasic inhibition, the relative amplitudes of the IPSPs were measured from the
averaged responses of LBN10 (Figure 90A; dashed lines represent the single
responses for 16 and 28 kHz). Lowest thresholds of the phasic IPSP were obtained
for 28 kHz at 40 dB SPL with a saturating type of response for increasing intensities.
For 16 and 38 kHz the threshold is 10 dB higher but the saturating characteristics are
also evident. The relative IPSP amplitude to 8 kHz stimuli increases at high
intensities only. Similar response characteristics are found in TN1 recorded in the
brain (Figure 90B) although a closer correspondence is found with TN1 recorded in
the thorax (see Figure 19 left).
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Figure 90: A: Relative amplitude of the IPSP in LBN10 calculated from the averaged responses (N=2,
n=10; means). Dashed lines represent the responses of the single individuals. B: Relative spike
numbers of TN1 (brain recordings; N=15-16; means and SE). Blue colouration - carrier frequency of
the male song (16 kHz) and red colouration - carrier of the female reply (28 kHz).

The shortest latency of the second, tonic IPSP is found for 28 kHz at 80 dB SPL
with 47.7 £3.9 ms (N=2, n=9; mean and SD). This suggests an interneuron within the
brain to be the candidate of the inhibitory input. In Figure 91 the relative amplitudes
of the IPSP measured from the standard stimuli are displayed (dashed lines
represent the single responses for 16 and 28 kHz).
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A first strong inhibition can be found for 28 kHz at 40 dB SPL. The amplitude

lowers between 50 and 70 dB SPL and strongly increases to 80 and 90 dB SPL. For
16 kHz the amplitude of the IPSP increases steeply at low intensities and saturates
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above 50 dB SPL. Stimuli with 8 and 38 kHz, on the other hand, only evoke a strong
IPSP at the highest intensities tested. Similar characteristics were also found in the
IPSP amplitudes of LBN4 (see Figure 59A). The IPSPs in LBN4 may be provoked by
LBN3 but the spike latencies of LBN3 are too short (26.8 £2.2 ms - see chapter 3.2.3)
to be directly responsible of the inhibitory input to LBN10.
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4 Discussion

The accurate discrimination of conspecific from heterospecific acoustic signals
is a demanding task that has to be fulfilled by the sense organ and the neuronal
network within the CNS. A correct recognition, for example, alleviates mate finding
and becomes crucial for the avoidance of predators (Nolan & Hoy 1986). In the
present study, the potential neuronal mechanisms behind the recognition process for
the conspecific song have been examined in the brain of the southern-european
bush cricket Ancistrura nigrovittata. Via intracellular recordings of single nerve cells
possible candidates were detected, which may be responsible for male song or
female reply detection. The response characteristics of five types of intersegmental
neurons, which are already known from thoracic recordings in the past, were
compared to those from recordings performed in the axonal portions of the same
neurons in the brain. As expected, great similarity was observed in their spike activity
to various kinds of acoustic stimulation. However, also differences were found that, in
case of TN1, revealed a secondary auditory input in the brain. One additional
ascending neuron was recorded (ANx), which has not been found in thoracic
recordings. Several local auditory brain neurons, described for the first time in a bush
cricket, were tested with special emphasis on their processing of the conspecific
carrier frequencies and the temporal parameters important for recognition.

The following discussion will address (i) potential causes for the response
differences that occur between intracellular recordings in dendritic and axonal
portions of a neuron, (ii) the possible mechanism behind TN1's secondary graded
input and its influence on the spike amplitude, (iii) the function of ascending
interneurons and especially local brain neurons in the process of conspecific song
recognition, (iv) redundant mechanisms found in the thorax and also in the brain, and
(v) a comparison to auditory brain neurons of other species.

4.1 Effects of cell penetration

A neuron’s excitability can differ in various portions along the nerve cells
membrane (Furshpan & Furukawa 1962; Tauc 1962), which correlates with an
uneven distribution of voltage gated sodium channels. Highest density of sodium
channels are reported to be located at the beginning of the axon (Wollner & Catterall
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1986; Palmer & Stuart 2006), the spike initiation zone. Also dendrites may exhibit
certain “hot spots” that show an increased number of sodium channels with the
possibility of spike generation (Spencer & Kandel 1961; Haydon & Winlow 1982).
During intracellular recordings a neuron’s membrane is penetrated by a sharp glass
electrode, which inevitably causes cell injury. This sometimes is accompanied by an
influx of extracellular fluid into the cell and thus, a depolarisation of the cell’'s
membrane potential. Depending on the site of impalement and therewith the number
of sodium channels in that location, the depolarisation may then cause spike
generation. Various authors reported spontaneous activity that occurred with
impaling a nerve cell (Fuster et al. 1965; Purves & Sakmann 1974; Wohlers & Huber
1978). This penetration dependent spontaneous activity was also seen in LBN4 of
this study. During the search for local auditory neurons in the lateral protocerebrum,
also intracellular recordings of interneurons were made that receive their major
dendritic input in the prothoracic ganglion and exhibit an axon ascending to the brain.
These data of spike activity could then be compared with data of the same neurons
collected previously in the thorax. Thus, a comparison can be drawn between
recordings with cell penetration sites close and far away from the spike initiation
zone.

The overall response characteristics of the ascending neurons to the various
stimuli tested in this study were, in most cases, very similar to the data obtained from
dendritic portions and hence a reliable criterion for classification. In brain recordings
the response of AN3, for example, showed the highest degree of accordance with the
response characteristics described from thoracic recordings in all acoustic programs
tested. The number of spikes elicited to stimuli at various frequencies, intensities and
temporal variations were alike with virtually no variability. Although it has been
pointed out that spontaneous activity, which has been frequently observed in AN3,
may be due to depolarisation by the penetration (since also individuals without
spontaneous activity have been recorded - Stumpner & Molina 2006), various levels
of spontaneous activity have been observed in the brain recordings. Therefore it is
most likely, that different levels of spontaneous activity may be common in AN3 and
not due to cell injury. On the other hand, the large difference in spike latency for low
intensity stimulation between both recording-sites (see response at 30 dB SPL in
Figure 15) might be an indication for a slight depolarisation by penetration in the
thorax. During stimuli outside the range of best response the graded potentials in the
dendritic region may slowly summate until reaching the spiking threshold. This
process may be accelerated with depolarisation occurring during the impalement.
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Alternatively, this increased difference in latency may only be due to spontaneous
activity. With decreasing stimulus intensity the latency of primary afferents will
increase (for invertebrates: Mérchen et al. 1978; Rheinlaender & Morchen 1979;
Oshinsky & Hoy 2002). This long latency response will subsequently lead to longer
latencies in first order interneurons (such as AN3) for low stimulus intensities. Since
spike responses were evaluated in a definite time window for all intensities (see
chapter 2.5), spontaneous spikes occurring earlier than the onset of stimulus evoked
responses, would lead to a shorter mean latency value especially at low intensities.
However, spontaneous activity does probably not account for the latency difference.
Indications for that are found in the decreasing spike frequencies in brain recordings
when compared to the thoracic data (data not shown in the results). When
depolarisation by the penetration causes a change of the resting potential to more
positive values, also an increased spike frequency can be expected during
stimulation. A decrease of spike frequency can e.g. be found in AN1 for 16 kHz at
very low and very high intensities, where markedly longer spike latencies occur (see
30 and 90 dB SPL for 16 kHz in Figure 9). Nevertheless, the response properties of
ANS3 obtained in the brain confirmed the data obtained in the thorax to the greatest
extent among all the interneurons recorded in this study.

In AN1 and AN2 similar response characteristics were found for standard stimuli
in a comparison of brain and thoracic recordings. The quantity of spike number
mostly agrees for all intensities at a given carrier frequency. At high intensities (90 dB
SPL), though, one can see an increased spike number in the thoracic recording site.
For the mean responses of AN1 this becomes evident for all frequencies tested and
is also seen for the single responses shown for 16 kHz (see Figure 6B, C). In the
case of AN2, this only seems to affect the activity at ultrasonic frequencies. For
stimulations with varying temporal parameters this becomes even more obvious for
the responses of AN1, AN2 and TN1. This clear difference in spike number is strong
evidence for depolarisation by the penetration in the dendritic recording site. The
effect is basically similar to a depolarising current applied by iontophoresis (e.qg.
during the injection of neurobiotin). Current induction also leads to an increased spike
response due to the change of the neuron’s resting potential to more positive values
(e.g. Levine & Murphey 1980; Hedwig 2000; own observations). However, one might
assume that the spike number, when affected by depolarisation due to the
penetration, is (more or less) uniformly shifted to higher values independent of the
carrier frequency or temporal pattern of the stimulus and without impact on the
overall response characteristics. This was not observed for pulse durations of 2 ms in
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AN1 (see Figure 8B). Here, the response in brain recordings exhibits a minimum,
whereas thoracic recordings do not show a pronounced difference in AN1’s response
to any pulse duration tested. In AN2’s response to different pulse/pause patterns a
mostly uniform increase of spike number can be observed in thoracic recordings with
the exception of a weaker response at 2 ms pulse duration and 61 ms pause duration
(see Figure 12A, B). A possible explanation for this may be that depolarisation by the
penetration may have a stronger influence on the spiking activity when the actual
response of a neuron is already weak. This suggests that 2 ms pulse duration elicits
only a minor response in AN1. During depolarisation an accelerated summation of
the graded potential (see above) may only occur at weak responses. The same may
also account for the spike number of AN2 during stimulation with varying pulse/pause
duration. For comparatively weak responses spike number is increased in the
thoracic recording, whereas this difference in response disappears when AN2
responds best. Another possible cause for the disproportionate increase in spike
number due to the penetration in thoracic recordings may be the influence of the
depolarisation onto the inhibition from a presynaptic interneuron. AN2 of
A. nigrovittata gets frequency dependent inhibition (Stumpner 2001) that strongly
affects the response during stimulation with short pause durations (A. Stumpner -
unpublished observations). Preliminary experiments with picrotoxin (PTX) show that
the inhibition can be removed and the spiking response of AN2 for short pause
durations is as strong as found for 61 ms pause duration. It might therefore be that
depolarisation by penetration increases the probability of spiking especially when
compound potentials are present. This may also account for the increased spiking
response of AN1 at 90 dB SPL during the presentation of standard stimuli in the
thoracic recordings. At these intensities also the inhibitory influence of a presynaptic
neuron was observed (Stumpner 1997, 1998). The effects of depolarisation by the
penetration may also contribute to the differences in the response characteristics of
TN1 observed during the presentation of standard stimuli between thoracic and brain
recordings. TN1 also gets inhibitory input that is strongest for low carrier frequencies
and for contralateral stimulation (Stumpner 1999a, 2001). At low intensities (40 dB
SPL) the contralateral inhibition might not yet affect the spiking response of TN1 for
ipsilateral stimulation (note the similar spike numbers in thoracic and brain recordings
in Figure 19B). With increasing intensities also an increasing inhibition of response
occurs in TN1. With depolarisation by the penetration in thoracic recordings, the
effects of the increasing IPSP (especially at medium intensities between 50 and
70dB SPL) may be reduced, which then contributes to the differences in the
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response characteristics to the brain recordings (apart from a high intraindividual
variability). In AN5 also differences of the response to 28 kHz stimuli at low intensities
can be observed between both recording sites (see Figure 16B). These differences
can be most likely explained by the strong penetration sensitivity of AN5 (which is
also true for AN1 of crickets and AN4 in Chorthippus biguttulus; A. Stumpner -
personal communication). Often, AN5 stopped spiking due to the injury of penetration
when intracellularly recorded in the thorax (which is not the case when recorded in
the axon). A slight change of response characteristics may therefore be due to the
sensitivity of penetration.

Additionally, also the preparation of the animal might contribute to the
differences between the data obtained in the thorax and the brain. For thoracic
recordings, one needs to expose the prothoracic ganglion and during the search for
sound activated neurons within the auditory neuropil, neurons might have gotten
injured that are presynaptic to the auditory neuron of interest. Thus, an increased
input of excitation or inhibition may occur. In the brain preparation, this is not the
case for neurons with an ascending axon and dendritic arborisations in the thorax.
Therefore, a more reliable description of the output of a first order interneuron can be
achieved by axonal recordings in the brain. Nevertheless, only intracellular
recordings in the dendritic region can explore the complex nature of excitatory and
inhibitory potentials.

4.2 Graded potentials in TN1

The general principle of information coding by a spike generating nerve cell is
conversion of graded potentials in the dendritic region into all-or-none action
potentials in the axon. Thus, the information of a neuron’s output lies in the timing
and rate of the action potentials that is passed on to a following neuron via its
synaptic release. The amount of transmitter released at the presynaptic site mostly
depends on the number and frequency of spikes elicited. Due to the all-or-none
nature of action potentials the amplitude of single spikes is widely similar and causes
a defined change in membrane potential and therefore the influx of a specific amount
of calcium (Kandel & Siegelbaum 2000). In the past, extensive knowledge has been
gathered about how these defined amounts of transmitter release may be altered in
the proximity of the presynapse. A common mechanism of presynaptic gain control is
facilitation and depression mediated by molecular signalling cascades (Kusano &
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Landau 1975; Byrne & Kandel 1996; Gersdorff etal. 1997; Antonov et al. 2003).
Here, changes in transmitter release are regulated indirectly and mostly occur over
more or less long periods of time.

In axonal intracellular recordings of TN1 graded potentials can be observed that
most likely originate from the activity of AN3 (probably via an intercalated
interneuron). The occurrence of the graded potential is transient and context-
dependent (dependent on AN3’s response to the carrier frequency, intensity and
temporal parameters), which, therefore, is neither due to a “slow” presynaptic
facilitation nor depression that depends on intracellular signalling cascades. More
likely, an involvement of ionotropic receptors that directly gate the influx of a certain
ion at the presynaptic site (Siegelbaum & Koester 2000) will cause such transient
and contextual changes of the resting potential in the nerve cell's terminal. A
basically similar mechanism is found in the presynaptic inhibition of afferents, also
known as “primary afferent depolarisation” (PAD) (for review see Clarac & Cattaert
1996; Rudomin & Schmidt 1999). PADs are GABA-mediated changes in the chloride
conductance in the axonal terminals of the target neuron. Thus, an extrusion of CI
may cause a slight depolarisation that has its reversal potential close to the
equilibrium potential of chloride, which is typically about 4 - 20 mV more positive than
the resting membrane potential (depending on the nerve cell and organism -
Kennedy et al. 1980; Edwards 1990; Burrows & Laurent 1993). An action potential,
occurring simultaneously to a PAD, will exceed the reversal potential of chloride and
thereby cause an influx of CI" ions, which causes a decrease in spike amplitude. This
mechanism of spike amplitude reduction (presynaptic inhibition) is not exclusively
restricted to sensory afferents but has also been shown for interneurons in the
central nervous system of the leech (Nicholls & Wallace 1978). PADs mostly occur
directly at the presynapse but can also be found in some distance to the synapse.
The latter requires passive propagation in the axon terminal for a persistent reduction
of the action potential’s amplitude (Cattaert et al. 1994; Cattaert & El Manira 1999).
Strong indications for a passive spike propagation in (at least parts of) TN1's axon
were found in this study. The graded potential increased in amplitude by injection of
negative current with the possibility of exceeding the amplitude of a preceding action
potential without eliciting additional spikes (Figure 25Bd). Contrary to the net effect of
PADs, an action potential occurring simultaneously with a graded potential is
increased in amplitude (and not decreased - see Figure 27). This summating effect
reveals the excitatory nature of the graded potentials found in TN1's axon and
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therefore, a change of chloride conductance seems to be unlikely. Rather ions with
more positive equilibrium potentials, such as sodium or calcium, may be involved.

Recent work on hippocampal mossy fibres of rats and layer 5 pyramidal cells of
ferrets showed, that a subthreshold graded potential and a simultaneous action
potential cause a greater excitatory response in the postsynaptic neuron than a
single spike alone (Alle & Geiger 2006; Shu et al. 2006). The graded potential by
itself (in the absence of a spike) does not seem to be sufficient to trigger transmitter
release, but indications were found that these potentials may increase the
presynaptic calcium entry, which then leads to an increased transmitter release
during the occurrence of an action potential (see Clark & Hausser 2006 and Alle &
Geiger 2008 for a recapitulation of both studies). The graded potentials found in
these studies, however, are generated close to the soma and propagate passively
(whereby spikes are actively propagated) along the axon with a maximum range of
about 1 mm (Alle & Geiger 2008). In TN1, the axonal output site is too far away from
the dendritic input site (ca. 4.2 mm) to allow passive propagation of a subthreshold
graded potential. Furthermore, the graded delayed potentials to acoustic stimulation
were not reported from studies carried out in the dendritic portion of TN1 (Stumpner
2001, 1999a; Stumpner & Molina 2006). Therefore, the transient changes of
membrane potential in TN1's axon are generated locally within the brain. The
findings cited above show that graded potentials, independent of being inhibitory
(Clarac & Cattaert 1996) or excitatory (Shapiro et al. 1980; Alle & Geiger 2008), are
able to alter either the spike amplitude or the resting calcium level in the presynapse
or both, which causes a significant change in the membrane potential of the
postsynaptic neuron. This makes it conceivable, that also the contextual change of
spike amplitude in TN1 (see Figure 27) will have an effect on the postsynaptic nerve
cell by an increased transmitter release. To my knowledge a similar mechanism, like
the (reinforced) gain modulation found in TN1, has not been published for any other
system yet.

The extent of the summating effect of spikes and graded potentials, however,
differed in the various preparations of TN1, which may be due to three possible
reasons. First, the exact site of axonal penetration varied in the different preparations
and therefore, most likely also the distance to the input site of the graded potential.
Since the graded potentials may also propagate antidromically, a reduced amplitude
in comparison to a spike amplitude may be observed (and therewith the effect of
summation - see Clarac & Cattaert 1996). Second, injection of positive current
slightly decreases the amplitude of a graded potential (see Figure 25B). During
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penetration, the axon of TN1 may have been depolarised, which caused an
additional reduction of the graded potential's amplitude, besides a possibly far
distance to the input site. Third, the modulatory effect of the graded potential on the
amplitude of a spike may not compulsorily affect all axonal arborisations of TN1. If
the input site of the graded potential is situated, for example, anterior to the first
major branching point of TN1's axon (see Figure 18), then, a summating effect will
only or mainly be observed in a specific branch (or a few branches). According to
that, no summation may then be seen in the unaffected branch and the amplitude of
the graded potential may be strongly decreased due to the distance of the input site.
In the bush cricket Mecopoda elongata this “selective” modulation of single branches
has been shown for auditory afferents (Hedwig & Baden 2009). Here, presynaptic
inhibition modulates the output of single branches of one sensory neuron, which
might have an influence of the tonotopic presentation of carrier frequency within the
prothoracic ganglion. In the visual system of the fly, a similar mechanism can be
found, where single inputs of HSE cells* or VS cells? (1: equatorial horizontal system
cell; 2: vertical system cell) are remarkably restricted to local areas of the dendritic
branches (Borst & Egelhaaf 1992; Borst & Haag 2002).

4.3 Possible function of the identified auditory br ain neurons

The involvement of the brain in the process of song recognition is proposed by
several authors (e.g. Schildberger 1984a; Romer & Seikowski 1985; Atkins et al.
1988) and was also experimentally shown for grasshoppers and crickets (Ronacher
etal. 1986; Bauer & Helversen 1987, Pires & Hoy 1992). Models have been
proposed that may have the ability to explain some of the neuronal processes in
song recognition. Whereas frequency spectra may be of minor importance for the
evaluation of conspecific signals, the recognition of the temporal pattern seems to be
crucial in nearly all species (Fonseca et al. 2000; Pollack 2000). Two models, for
example, suggested a coincidence detector, which compared the acoustic
information with an internal template of the conspecific song (cross correlation - Hoy
& Paul 1973, Hennig 2003) or with a secondary, delayed pathway of the auditory
information (auto correlation - Reiss 1964; Weber & Thorson 1989). A necessary
prerequisite for the latter is a secondary pathway that exhibits an internal delay of the
pulse pattern by (at least) one period. If the undelayed pathway then matches the
pulse pattern of the delayed pathway, a maximum excitation can be achieved. Both
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models, however, have been partly rejected in the context of conspecific song
recognition (Pollack & Hoy 1979; Helversen & Helversen 1998; Bush & Schul 2006).
Another model for a narrow behavioural response proposes a band-pass filter, which
originates from combining a high- and a low-pass. This kind of filter properties has
been shown for single interneurons in the brain of Gryllus bimaculatus (Schildberger
1984a). Evidence for a band-pass filter does not exclude deviant filter mechanisms
that may be established in different species (for a review see Hennig et al. 2004). An
additional, more recent model for recognition bases on oscillatory membrane
properties, which allow pulse rate recognition by a correct resonance (pulse rhythm
of the conspecific song) in a single interneuron (Bush & Schul 2006). In another
model a sufficient analysis may already occur on the thoracic level by the
instantaneous discharge rate of ON1 (Nabatiyan etal. 2003; for a review see:
Hedwig 2006).

Processing of conspecific carrier frequency. In the species Ancistrura
nigrovittata, behavioural experiments showed that the correct temporal parameters of
the male song and, quite unusually, also the sex specific carrier frequency (which is
mostly of minor importance - see above) lead to conspecific recognition (Dobler et al.
1994a, b). Previous data of interneurons that receive major input in the prothoracic
ganglion and exhibit an ascending axon to the brain suggested a classification of
three different “channels” for processing of carrier frequency (Stumpner & Molina
2006).

The first channel consists of AN1 and AN2, which seem to be critically involved
in male song processing due to their low thresholds for sonic frequencies. The tuning
to medium and high sonic frequencies with prominent optimum type intensity
response functions is especially pronounced in AN1, whereby ultrasonic frequencies
evoke the lowest activity which is partially due to inhibition (Stumpner 1997). An
involvement in positive phonotaxis to the male calling song has been shown for the
homologous AN1 in crickets (Schildberger & HOrner 1988) and also seems to be the
case in A. nigrovittata. AN2, on the other hand, also showed strong bursts to the
female reply when recorded in the brain (not reported from thoracic recordings - see
Stumpner & Molina 2006). According to these findings, AN2 may also partly belong
to the second category - the ultrasound channel.

The ultrasound channel includes neurons like AN4 (which has not been
recorded in the brain), AN5 and TN1. Among these neurons, AN5 responds most
specific to the female reply, which was also shown by the data obtained in the brain.
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If one compares the responses of AN5 (Figure 17B) and TN1 (Figure 24) to varying
female reply carrier frequencies, a reduced response, to the highest ultrasonic
frequencies tested, can only be found in AN5, which results in a narrower tuning to
the female carrier frequency of 28 kHz. However, both neurons showed little or no
response to the male song frequency (which is, in the case of TN1, contrary to the
finding obtained in the thorax - see Stumpner 1999a, b; Stumpner & Molina 2006).
Due to the carrier frequency tuning possibly one additional neuron, namely ANXx (that
has not been recorded in the thorax), may also belong to the ultrasound channel,
although nothing is known about the position of the dendritic input site. Its low
thresholds to all ultrasonic frequencies tested (see Figure 30B & C) may implicate a
possible involvement in bat avoidance behaviour, in addition to TN1 (Libersat & Hoy
1991; Stumpner & Molina 2006).

The third channel involves AN3, a neuron that responds to nearly every sound
at any carrier frequency that is presented. It is supposed to act as a “reference
channel” that is active during the presence of an acoustic signal (Stumpner & Molina
2006). Ascending vibratory neurons show no response to sound stimuli at low
intensities. Therefore, it is unlikely that these neurons are involved in the processing
of intraspecific long distance communication signals. Only in the close proximity of
the duetting partners, where vibrational communication signals can be perceived,
vibratory neurons may be relevant for the process of recognition (Heller & Helversen
1986).

For the local brain neurons of A. nigrovittata recorded in this study, the same
categorisation can be applied due to their responses to different carrier frequencies.
The first channel - the sonic sound channel - comprises LBN1, LBN4, LBN6 and
LBN7. Strong evidence has been presented that LBN1 is directly connected to AN1,
which is also seen in the nearly identical intensity response characteristics to
standard stimuli. The response threshold to 16 kHz stimuli is significantly shifted to
higher intensities (in comparison to AN1 responses), which shows a higher degree of
correlation to the female behaviour than that found in AN1 (Figure 44A). The spike
activity of LBN1 is narrowly tuned to the male song frequency at low intensities and
ultrasound elicits nearly no responses. The latter is mainly due to the low input by
AN1, the spike frequency filter of LBN1 and the frequency specific inhibition seen in
LBN1. From the close correlation of LBN1's spike activity to the female behaviour,
LBN1 seems to be the decisive neuron for the detection of the male song carrier
frequency.
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The response of LBN4 is also tuned to sonic frequencies. This is seen, despite
strong spontaneous activity and inhibition, at the initial excitatory potential at 8 and
16 kHz for low intensities (Figure 58). Possibly, AN1 may cause the excitatory input
to LBN4, since the low threshold EPSPs at 16 kHz have shortest latencies of 19.3 ms
at 50 dB SPL, the intensity at which AN1 also responds best.

LBNG6 is a neuron that responds best to lower sonic frequencies than those
found in the male calling song. A possible function of such a neuron type may be
seen in the low frequency inhibition in other interneurons resulting in a narrowly
tuning, for example, to the male song frequency. Although no brain neuron has been
recorded that receives such frequency inhibition, a similar type of low frequency
inhibition has been found on an earlier stage of auditory processing, in the dendritic
region of AN1 in the thorax (Stumpner 1997, 1998).

LBN7 shows very similar response characteristics as found in AN2 and a direct
connection between the two neurons is likely (Figure 70B, C). Lowest thresholds are
also found for 16 kHz during presentation of standard stimuli. Similar to AN2, also
LBN7 shows a strong bursting response to the female reply at 60 dB SPL, which
therefore partly permits a categorisation of LBN7 to the ultrasonic channel.

The ultrasonic channel consists of cLBN5, cLBN8 and LBN9. Intracellular
recordings of the interneuron cLBN5 revealed strongest responses to all ultrasonic
frequencies tested without a specific tuning to the female carrier frequency
(Figure 64C). Thus, cLBN5 may be involved in bat detection and/or may (also) be
responsible for ultrasonic frequency inhibition in other neurons.

The responses of cLBN8, on the other hand, only occur to a narrow range of
ultrasonic frequencies at low intensities (Figure 78B & 82). At 40 dB SPL it shows
strongest responses at 28 kHz to standard stimuli, whereas the female reply at 60 dB
SPL reveals best responses at 24 kHz. 24 kHz is also represented in the frequency
spectra of the female reply (Dobler et al. 1994b) and therefore, a response to this
carrier frequency does not exclude a potential involvement in processing of the
female reply frequency. Interestingly, the response of cLBNS8 to 28 kHz at 40 dB SPL
only (during standard stimulation), is very similar to the response of ANx (compare
Figure 78B & 30A). A closer examination of the graded potential, however, reveals a
correlation to the spike activity of TN1 (Figure 80). Thus, similar response
characteristics can be achieved by the presynaptic input of different neurons with
different response characteristics. The narrow intensity dependence of cLBN8's
response found at 28 kHz during standard stimulation would suggest a good
response, when a female reply is heard by a male at a large distance. According to
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this, cLBN8 may function as a detector for conspecific females that are not in the
close proximity of the singing male. Due to the axonal arborisations this information
from one ear may then be integrated in both auditory neuropils of the brain (see
Figure 77).

When presenting an artificial duet, a response of LBN9 can only be seen at a
narrow carrier frequency range that correlates with the female spectrum (Figure 85A,
C). At medium and high intensities also an initial EPSP can be observed to the
beginning of the syllable series of a male calling song, which is followed by inhibition.
This inhibition is strongest at ultrasonic frequencies and high stimulus intensities
(Figure 86). These response properties may imply a possible function of LBN9 as a
long distance female detector as found in cLBNS.

In the brain also neurons are found that can be classified to the third channel
(reference channel). This channel consists of LBN2, LBN10 and partly of LBN3.
LBN2 shows highest spiking activity to an artificial duet (Figure 46A). When
presenting an artificial male song at the four standard frequencies (8, 16, 28 and
38 kHz), it responds best to the male song frequency at low and medium intensities
(Figure 46C). An evaluation of LBN2'’s response to varying female reply frequencies
in an artificial duet shows highest spiking activity to 28 kHz only. Also at 16 kHz a
slightly increased response can be observed. Contrary to AN3, which indicates the
presence of any acoustic event, LBN2 may indicate the presence of any conspecific
communication that occurs in the environment with a consistently lower response at
other than the conspecific carrier frequencies. Hence, in the case of LBN2, the
reference channel properties are narrowed to a conspecific duet. Additionally, LBN2
receives inhibition in the ultrasonic frequency range. This may indicate that this
reference channel gets inhibited by predatory signals such as bat calls.

LBN10 is a neuron that exhibits high spontaneous activity and gets inhibited by
a wide range of carrier frequencies (Figure 89) and thus, also by an artificial duet
(Figure 88). Spikes occurring during the IPSP of LBN10 indicate that the penetration
of the neuron was performed at some distance to the spike initiating zone. The
spikes must have been travelling antidromically to the penetration spot, which is
situated close to the input of the IPSP. Thus, the large IPSP as seen in Figure 88
might be decayed when entering the zone where action potentials are initiated. A
possible function of LBN10 may be the constant inhibition of a postsynaptic neuron
by its spontaneous activity. During an acoustic event this inhibition may stop and
allow spiking in the postsynaptic neuron. According to this, a certain channel may be
unblocked that is only active during airborne sounds. LBN10 may therefore have a
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similar effect on postsynaptic neurons as AN3, though with an inverse mode of
operation.

As mentioned above, LBN3 only partly functions as a reference channel. Strong
indications were presented that LBN3 receives its excitatory input from ANS3
(Figure 53 & 54). Hence, a response to the male calling song and to the female reply
can be found (Figure 52A). An evaluation of LBN3’s response to the female reply
with varying frequencies reveals a strong response to the female carrier frequency
only (Figure 52C), which then allows a partly categorisation in the ultrasound
channel. The most likely function of LBN3 is the “switch” of excitatory input from AN3
into inhibitory input to LBNA4.

Processing of conspecific song pattern. Several possible candidates have been
suggested by Stumpner & Molina (2006) to be involved in the temporal processing of
the male syllable series from the data obtained of the intersegmental neurons in the
thorax. A possible basis for band-pass filtering of pause duration in a behaviourally
relevant context may be achieved by the increasing response strength of AN2 and
AN4 to increasing pause durations, in combination with the decreasing response
strength of AN3. Furthermore, band-pass characteristics can also be found in the
activity of AN1 or TN1 (Stumpner & Molina 2006). From the data obtained in the axon
of the ascending neurons, the response properties to a variation in pause duration as
recorded in the thorax were confirmed. Contrary to this, the data gathered in the
axonal portions of AN1 and AN2 show a close correlation to the female behaviour in
the response to short/long pulse duration, which has not been found in thoracic
recordings (Stumpner & Molina 2006). The response strength of AN1 recorded in the
axon decreases strongly for the shortest pulse durations tested, similarly as the
female phonotactic response (Figure 8B right; Dobler etal. 1994a). For pulse
duration longer than 7 ms the female response is reduced, which is paralleled by the
lowering of response strength in AN2 (Figure 12B right). Thus, the narrow tuning of
the female behaviour to the male’s syllable duration may be achieved by the
combined evaluation of AN1's and ANZ2’s response - the interneurons that also
respond best to the male song frequency at low intensities (see above). A “low- and
high-pass filter” for pulse duration may therefore be established on the thoracic level
as proposed by Schildberger (1984a).

AN5 recorded in the brain shows a stronger response to the shortest pulse
durations tested, although the overall spiking activity was very low (Figure 17A). A
similar increase in response was found in the axonal recordings of TN1 (Figure 23B),
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which is a further indication (in addition to the ultrasonic frequency processing) for a
potential relevance in the recognition of the short duration female reply to the
conspecific song (Heller & Helversen 1986) or the short duration of a echolocation
sound emitted by a bat (Simmons 1989). The graded potentials found in the axonal
branches of TN1 most likely originate from AN3 (see previous chapter and
chapter 3.1.5). Action potentials occurring simultaneously to the graded potentials
are increased in amplitude and therefore, may potentially increase the synaptic
transmitter release and the excitement of the postsynaptic neuron. Since TN1 shows
highest spike activity to 28 kHz stimuli (at low intensities; Figure 19B) and the graded
potential is highest with 16 kHz stimuli (at low and medium intensities; Figure 26B),
the possible context may then be as follows: If a male hears its own song (or possibly
the song of a different male) an EPSP will be provoked in TN1. In dependence of the
distance of the duetting partners the spikes to the female reply in the male’s TN1 will
be pronounced, when they occur in a certain time-window corresponding to the
duration of the graded potential to the own trigger syllable. Therefore, the strength of
excitation of TN1's postsynaptic neuron in the brain of a male will be correlated with
the distance to the responding female (see Figure 28B). The behavioural responses
of males also are restricted to an internal time window in which a conspecific female
answer can be recognised by the male (see Heller & Helversen 1986; Zimmermann
et al. 1989; preliminary results of Pierre Gras for A. nigrovittata - orange box in
Figure 28B). The responses of AN3 were similar in both recording sites and do not
show a clear correlation to the female behaviour (Stumpner & Molina 2006). The
magnitude of ANX’'s spike activity shows a close correlation to the female behaviour,
when presenting male song models consisting of white noise and varying pause
durations (Figure 31). Due to the higher sensitivity for ultrasound (see above) and the
high response to short pulse durations only (Figure 32), it is more likely that ANx
rather is involved in bat detection than in the processing of the male song.

Nearly all of the local auditory brain neurons presented were tested for their
temporal processing, which therefore allows to hypothesise about a possible
relevance in the recognition process of the conspecific song. In LBN7, the strongly
decreasing responses to longer pulse durations, that closely resemble the female
behaviour, are also found in its presumed presynaptic neuron - AN2 (the same
applies for the stimuli with variations in pause duration; see Figure 72 & 73). These
findings for LBN7 may also apply for LBN1, which receives direct input from ANL.
Therefore, a low response of AN1 to short pulse durations may also be found in
LBN1 (preliminary data supports this hypothesis). Thus, also on the second level of

122



Discussion

auditory processing (the lateral protocerebrum of the brain) a high- and low-pass filter
for pulse duration is established (see above). LBN7 additionally shows a secondary
response with a long latency of approximate 600 ms subsequent to high intensity
stimulation (lower intensities were not tested with a sufficient post-stimulus pause).
This secondary response was strongest for 28 kHz stimuli but was also seen at
16 kHz. Although Dobler et al. (1994a) reported that females did not respond to an
artificial song with an interval between syllable series and trigger syllable being
greater than 500 ms, intervals of ca. 600 ms can be observed in a natural male
calling song with a clear response of females (see Figure 5 Top in Heller & Helversen
1986). A response property as found in LBN7 would explain, why motivated females
reply to a male song at approximately the correct time, even if a trigger syllable is
missing (Dobler et al.1994a). Such a long latency response has not been observed in
ANZ2 (the presynaptic neuron) or in any other ascending neuron.

LBN2's low response to short pulse durations (which is due to inhibition - see
Figure 51) correlates to the decreasing behavioural response of females
(Figure 50B), whereas the spiking activity to varying pause durations does not show
an obvious correlation to the specificity of the female behaviour. During a
presentation of an artificial duet and varying female reply latencies, one can see the
absence of response to the reply when the pause is short (Figure 48; as already
reported for AN5 - Stumpner 1999b). Thus, LBN2 may additionally contribute to the
male time window, in which female responses have to occur to be recognised by the
male. LBN4 possibly gets excitatory input from AN1 and strong subsequent inhibition
from LBN3. When presenting an artificial duet, one can see excitation to the
beginning of the syllable series as well as to the trigger pulse. Thus, LBN4 marks the
beginning and the end of a male verse (Figure 57A). A potential function for this kind
of male song evaluation is not obvious, since the behavioural data clearly shows a
dependence on pause duration between the end of the syllable series and the trigger
syllable. The beginning of the verse in correlation to the trigger pulse, on the other
hand, seems to be irrelevant (Dobler et al. 1994a).

From the frequency tuning of cLBN5 an involvement in bat detection is likely,
which is also assisted by the strong response to short pulse durations (Figure 65B).
For varying pause durations an optimum type characteristic is found in the spike
activity of cLBN5 that has no obvious correlation to the behaviour. Apart from a
possible function in bat detection, an inhibitory influence on other auditory
interneuron may be possible, since ultrasonic frequency inhibition is frequently found
in the auditory system of A. nigrovittata. The overall response of cLBN5 to different
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temporal pattern is very similar to ANx (see Figure 31, 32 & 65). Thus, cLBN5 may
receive input from ANx since also ANx axon arborises in the caudal lateral
protocerebrum, where cLBN5 has its dendritic input-site (compare Figure 29 & 63).
LBN6 shows strong spiking activity to carrier frequencies much lower than 16 kHz.
Additionally, the response to the varying temporal pattern is lowest, where the
behaviourally response of females is highest (Figure 68). A likely function of LBN6
may therefore be an inhibitory influence on neurons that process the calling song of
males. This inhibition would lead to a high-pass frequency filter and a low response
to unattractive pulse/pause patterns. The spike activity of cLBN8 is strongest to the
shortest pulse durations tested (Figure 81B), which may also be expected from the
narrow tuning to 24 kHz and therefore, the possible function in detecting the female
reply. The spike number does not exceed 2 at maximum, which is most likely due to
the delayed ultrasonic frequency inhibition with a remarkably long duration of about
200 ms.

In summary, on the thoracic level a filter for the male song carrier frequency is
achieved by AN1’s response up to ca. 50 dB SPL and by the combined responses of
AN1 and AN2 at higher intensities. Additionally, the combined responses of AN1 and
AN2 may also be sufficient for the evaluation of the male song pulse duration. None
of the described intersegmental neurons show a close correlation to the complete
female behaviour in regards to the pause duration, although AN2 may contribute to
the decreasing behavioural response at shorter pause durations. The female reply,
on the other hand, may be processed by AN5 and/or TN1, whereas TN1 may
additionally have its relevance in bat avoidance behaviour (as well as ANXx). This
potential importance for both, song recognition and bat avoidance has also been
suggested for AN2 of crickets (Nolen & Hoy 1986; Schildberger & Horner 1988). AN3
is always active whenever audible sounds are present, regardless from being of
species specific origin or not. The processing of conspecific song is certainly not
completed on the thoracic level and the information about certain song parameters is
most likely distributed over several elements. The brain, therefore, may house the
decisive elements for recognition of the conspecific partner. For the male carrier
frequency, the responses of LBN1 show a closer correlation to the female behaviour
than those of AN1l. The combination of LBN1's and LBN7’s responses may,
therefore, “explain” the processing of the male song pulse duration (similarly to AN1
and AN2). In the possible inhibitory response of LBN6 a sufficient band-pass filter
may be established, that correlates closely to the female behaviour to both, the male
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song pulse duration and pause duration (no other neuron showed a closer correlation
to the behavioural data to varying pause durations). The detection of the trigger pulse
of the male calling song may be emphasised by the secondary response seen in
LBN7. Brain neurons that are possibly important for the detection of the female reply
are cLBN8 and LBN9. The new properties of TN1 found in the brain may also
indicate a functional relevance for female detection. For bat avoidance, most likely
the responses of cLBN5 may be important, since highest spike activity can be found
to every ultrasonic frequency tested without specific tuning to the female reply carrier
frequency. LBN2 acts as a reference channel during conspecific signalling and may
necessarily need to be active to elicit positive phonotaxis to a male’s call or the
female reply. Such a reference channel may also have its relevance in the
localisation of a conspecific signal, if responses in neurons with strong contralateral
inhibition are suppressed. The release of the short female reply, which followed the
male trigger pulse with a constant latency of about 30 ms (see Heller & Helversen
1986; Dobler et al. 1994a), most likely does not involve neuronal activity of the brain.
In this study none of the recorded interneurons had sufficiently short latencies to
directly elicit the female response. Since the relevant motorneurons are situated in
the mesothoracic ganglion, it is assumed that the release is due to a fast acousto-
motor reflex, where brain processes are not involved (Hennig 1989). In A. nigrovittata
females, however, this fast reply also depends on processing of the male carrier
frequency. Variations of the carrier frequency of the male trigger syllable (while
keeping the syllable group at the male carrier frequency - 16 kHz), showed similar
behavioural responses as found for varying frequencies of the whole calling song
(Dobler et al. 1994b). This would imply a local mechanism being established already
in the thorax (without direct involvement of the brain) that has the ability of a fast
evaluation of the carrier frequency.

Each local auditory brain neuron presented in this study (except for LBN4 with
N=1) was recorded (and therefore is represented) in both sexes without obvious
response differences observed. This was also reported previously for the
intersegmental neurons of the prothorax (Stumpner 1997; A. Stumpner - personal
communication). These findings may indicate that both sexes exhibit the same sets
of auditory interneurons with similar response properties and thus, possibly similar
recognition processes. The only difference may then exist in a sex specific
connection to descending interneurons (command neurons), which activate different
pre-motor networks in the mesothoracic ganglion and therewith different kinds of
sounds that are produced (Hedwig 2000).
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4.4 Redundancy in the coding of information

As detailed before, the presented data of this study leads to the conclusion that
LBN1 is a second order interneuron and is directly connected to AN1. This
conclusion is based on similar shape of intensity response curves at standard
stimulation and on corresponding spike/EPSP frequencies at the same stimuli
(Figure 36A, B & 39). It is also supported by a small difference (below 2 ms) between
latency of AN1 spikes and LBN1 EPSPs (Hennig 1988). The same holds true for the
possible connection of AN2 and LBN7. The responses of LBN7 to standard stimuli, to
the male song models with varying temporal pattern and to the female reply with
variation in carrier frequency (during an artificial duet) is widely similar to the spike
activity of AN2 (e.g. see Figure 70).

In addition to excitation, LBN1 and LBN7 receive clear inhibition, at similar
stimuli, at which also AN1 and AN2 receive inhibition. In the case of LBN1, the
inhibition likely does not come from an ascending cell but from another brain neuron
(due to the long latencies). Prominent IPSPs can be observed during depolarisation
with lowest thresholds at ultrasonic frequencies. In nearly all recordings indications of
IPSPs were observable also without depolarising current, but these IPSPs mostly
were expressed only as parts of compound potentials. The resulting effect is a further
reduction of responses to ultrasonic frequencies than already found in ANL1
(Figure 44B). In contrast, Rheinlaender (1975) concluded that the frequency
selectivity of unidentified neurons in the brain of a bush cricket does not differ from
that in the thorax. In LBN1, during recordings with a depolarising current a biphasic
IPSP is clearly seen (Figure 41). The biphasic nature of the IPSP might either
originate from the input of two different (yet unknown) interneurons in the brain (as
well as AN1 obviously gets inhibited by two different thoracic interneurons, Stumpner
1997) or from one single brain interneuron that exhibits characteristics of a phasic
On-Off-response. In the latter case, one can speculate which ascending interneuron
might be involved in the inhibitory pathway to LBN1. An ascending interneuron
producing an On-Off-response is not known. Therefore, a neuron with a tonic broad
banded response to auditory stimuli with lowest thresholds in the low ultrasonic
frequency range (and possibly in the high sonic range) would carry the necessary
information, since phasic responses of neurons like TN1 would only mark the
beginning of the stimulus without any information about its end. The only known
candidate is ascending neuron 3 (AN3) which exhibits broad banded frequency
selectivity (nearly identical to the hearing threshold; see Stumpner & Molina 2006)
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and tonic response characteristics for copying the whole length of the stimulus. All
other thoracic interneurons known, exhibit phasic (On-) responses or too high
thresholds for the required frequency range (Stumpner 1999a; Stumpner & Molina
2006).

Since the excitation concealed the beginnings of the IPSPs observed in LBN7,
no latencies could be determined for the inhibition. Thus, it is unknown whether the
inhibition originates from an ascending or a local cell. However, stimulation with
standard stimuli contralateral to the side of penetration revealed a pronounced
decrease in response when compared to the responses to ipsilateral stimuli
(Figure 71). This indicates that the inhibition in LBN7 (at least partially) comes from
the contralateral ear, which has also been shown for the inhibitory input in AN2 by
ablation experiments when cutting the contralateral auditory nerve (respective to the
side of penetration; A. Stumpner - unpublished).

The two examples described above show clear indications of redundant
processing mechanisms established in serially connected neurons. Also in the other
brain neurons (presented in this study) processing mechanisms are found (mainly
frequency specific inhibition) that are already established on the first level of
processing - the prothoracic ganglion. Why does an interneuron in the brain receive
frequency specific (LBN1) or contralateral (LBN7) inhibition, when it's presynaptic
interneuron (AN1 and respectively AN2) in the thorax already undergoes exactly the
same filtering? For LBN1 an increased threshold for ultrasonic frequencies is shown,
when comparing the lowest thresholds for subsequent stations of processing
(Figure 44B). This is most likely is due to two factors: (i) a spike-frequency filtering
and (i) the just mentioned inhibition. Therefore, the exclusion of ultrasonic
frequencies in the pathway of male song recognition is secured by a multiple stage
inhibition in a redundant fashion. This kind of redundancy can be found in various
neuronal networks and it seems to be a common strategy in filtering relevant
information. For example, the corollary discharge interneuron (CDI) in the central
nervous system (CNS) of the cricket Gryllus bimaculatus serves the function of
preventing the auditory system from desensitisation by self-generated signals (Poulet
& Hedwig 2006). Inhibitory connections are made with primary afferents and several
first order interneurons in the prothoracic ganglion as well. The extensive axonal
arborisations of CDI in every ganglion (including the brain) of the CNS suggest
additional inhibitory connections to local brain neurons involved with auditory
processing. Thus, self-generated noise gets inhibited on multiple stages in the
auditory processing chain and not at one particularly decisive step in this chain (e.qg.
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at an early stage only). Another example of redundancy can be found in the contrast
enhancing network in the retina of vertebrates (for a summary see Tessier-Lavigne
2000). Ganglion cells report contrasts of luminance in their receptive field to higher
brain centres. Prior to this, the information about contrast gets enhanced by
horizontal and amacrine cells in the outer and inner plexiform layer of the retina. Both
types of neurons in the lateral pathway receive input of surrounding photoreceptors
or bipolar cells to enhance the contrast in the centre-surround receptive field of the
respective ganglion cell. The vertical pathway in the retina (photoreceptor - bipolar
cell - ganglion cell), therefore, is influenced in a similar fashion at more than one
stage to fulfil the task of contrast enhancement.

In conclusion, filtering of relevant conspecific signals experiences a (fine) tuning
in a “step by step”-fashion with the use of redundant mechanisms. Thus, the filtering
of important information (as e.g. male song carrier frequency) does not rely on the
processing of a single neuron, but rather on the processing of multiple units
connected in serial. The output of the neuron last in chain (e.g. for male song carrier
frequency: potentially LBN1), therefore, is of particular importance for the processes
of recognition. This secures the reliability of the whole system rather than being
dependent on the filter processes of a single neuron. If the latter would apply, a
narrow filter for male song carrier frequency would already be established on the
level of a single sensory neuron in the ear that may sufficiently describe a
behavioural tuning to the conspecific song (Ostrowski & Stumpner submitted). For a
grasshopper it has been demonstrated that the activity of single sensory neurons
suffices to transport the relevant information on song structure (in this case a broad-
band song - Machens et al. 2003). However, producing behaviour on the basis of just
one out of ca. 37 sensory neurons may simply be too risky in terms of reliability of
information processing, even though insects exist, which in principal base their
decision on an individual sensory neuron’s activity (e.g. certain moths - Surlykke
1984). For bush crickets, however, this narrow tuning is lost due to the convergent
input of more than one sensory neuron to first order interneurons (Stumpner 1997,
1998, 2002).

Not all processing mechanisms in the brain are redundant. One particularly
novel characteristic deserves to be mentioned at this point. In local brain neurons
excitatory and/or inhibitory graded potentials can be observed, which exhibit
extremely slow decay time constants. In cLBN8 delayed IPSPs are found that have a
total duration of approximately 200 ms to a 50 ms stimulus (Figure 83). Also in LBN9
as well as LBN10 IPSPs with very long durations are found, which are caused by the
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male song syllable series and have the ability to last until the male trigger pulse
(350 ms later; Figure 85A & 88). An even greater extreme is found in the EPSP of
LBNO elicited to a short female reply (3 ms pulse) that may last for several hundred
milliseconds (Figure 87). For the omega neuron of the bush cricket Tettigonia
viridissima also long lasting changes in membrane potential have been reported
(Romer & Krusch 2000). These long time constants (in the order of several seconds),
however, can be ascribed to post-excitatory inhibition rather than IPSPs or EPSPs
directly caused by auditory stimuli.

4.5 Comparison to other brain neurons

The morphological appearance of nearly all local brain neurons described in this
study are unique among other auditory brain neurons found in ensiferan species
(only crickets), since shape and arborisation pattern clearly differ from those
published to date (Boyan 1980, 1981; Schildberger 1984a, b; Atkins et al. 1988;
Brodfuehrer & Hoy 1990). LBN2 comprises great similarity in the position of the soma
and the major arborisations to BNCla (brain neuron class 1a) reported by
Schildberger (1984a). BNC1a is narrowly tuned to the male calling song frequency of
Gryllus bimaculatus only (ca. 4-5 kHz). LBN2, on the other hand, shows a narrow
tuning to the male’s song and additional sensitivity to the female reply in the
ultrasonic range (see chapter 3.2.2). Although different stimuli were used, the
responses of both neurons show a good coupling to the stimuli with variations in the
temporal parameter (even though LBN2 shows a slight decrease in response to
shorter pulse durations and pause durations between 5-35 ms - Figure 50). Due to
the criteria for categorisation suggested by Schildberger, BNCla seems to be a
second order interneuron, which is not the case for LBN2 with EPSP latencies of
approximately 35 ms (for the IPSP in LBN2 a direct connection to ascending
interneurons may be possible). However, too little information is given about
individual BNC1 neurons of crickets to allow a closer comparison. The same is true
for LBN-el (local brain neuron-excitatory 1) described by Brodfuehrer & Hoy (1990)
for the cricket Teleogryllus oceanicus, where little emphasis had been laid upon a
detailed description of single interneurons. The morphology of LBN-el shows some
similarity to cLBN5, with the caveat that nothing can be concluded about the soma
position of LBN-el. Both neurons exhibit high-pass carrier frequency processing in
the ultrasonic range (LBN-el additionally in the high sonic range) and therefore, may
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have relevance in predator avoidance. Because of the absence of adequate criteria
of homology (except partially for the morphology) to all brain neurons known in other
species, for the presented brain neurons of this study a neutral terminology “local
brain neuron” (based on Brodfuehrer & Hoy 1990) was used.

If one classifies the overall spatial extension of the brain neurons described in
this doctoral thesis using the criteria suggested by Schildberger (1984a), nearly all of
the neurons would belong to brain neuron class 1 (BNC1) due to the overlap with
arborisations of ascending neurons and/or the direct input by those (except for LBNG,
where no staining and no graded potentials were available for analysis). This finding
may indicate that the auditory organisation in the brain of bush crickets may differ
from that of crickets, since no local brain neuron found in this study fulfils the criteria
for belonging to BNC2 neurons. Furthermore, a spatial separation of low and high
carrier frequency processing neurons, as suggested by Boyan (1980), was not found.

A narrow frequency tuning to the conspecific calling song in combination with an
increased threshold as in LBNL1 is also true for neurons of both classes described by
Schildberger (BNC1 and BNC2). Except for the BNC1 and BNC2 neurons, all other
neurons identified in the brain of crickets so far (e.g. Boyan 1980; Atkins et al. 1988;
Brodfuehrer & Hoy 1990) were not tuned to the male calling song but are most likely
involved in processing of predator signals (or perhaps also courtship songs). In
regards to the temporal processing, low-, high-, band-pass and band-suppressor
neurons, as found in crickets (except for the band suppressor - Schildberger 1984a)
and the auditory nuclei of frogs (for a summary see Gerhardt & Huber 2002), are also
found in A. nigrovittata (although only pulse/pause-durations were tested). High- and
low-pass filter for certain temporal parameters, which closely correlate to the female
behaviour, may be found in the responses of AN1, AN2 and LBN7 (and maybe in
LBN1 due to the direct connection to AN1 - see above). A narrow band-pass filter for
pause duration is found in cLBN5, whereby band-suppressor properties for varying
pulse/pause durations is found in LBNG.
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Summary

In this doctoral thesis intracellular recordings of identified auditory neurons in
the brain of a bush cricket are presented for the first time. Single cell recordings were
carried out in the species Ancistrura nigrovittata (Brunner von Wattenwyl, 1878) with
special emphasis on filtering properties for the conspecific song. The coding of
carrier frequency, intensity and temporal pattern was examined in local brain neurons
and in intersegmental neurons for a comparison with the behavioural responses to
these parameters.

Spike activity of five types of ascending intersegmental neurons was acquired
from the axonal terminals, which allowed a correlation to earlier results obtained from
the dendrites. The response characteristics found in both recording sites are widely
similar (closest in AN3), although differences have been observed. These are e.qg.:

(1) filter properties in the spike activity of AN1 and AN2 to some pulse durations,
which closely correlate to the female behaviour

(i) graded potentials in TN1's axon with the capability to facilitate the amplitude
of action potentials in a graded manner close to the presynaptic output site

(i)  a physiological and a morphological description in the brain, of a so far
unknown intersegmental neuron (ANX) that processes ultrasound stimuli

A characterisation of ten types of local auditory brain neurons is given, whereby
novel as well as known response properties with a surprisingly high degree of
redundant filter mechanisms are found. These are e.qg.:

(1) a spike frequency filter and a redundant frequency dependent inhibition in
LBN1 resulting in a response that has a closer correlation to the female
behaviour than found in the spiking of its presynaptic neuron (AN1)

(i) the narrowly tuned activity of LBN2 to conspecific signals of both sexes -
representing a channel that indicates species specific communication in the
surrounding area

(i)  the tracing of auditory processing on subsequent levels up to a third order
interneuron including a switch of excitation to inhibition

(iv)  a greater variety of selective responses to ultrasonic stimuli and temporal
parameters than described for thoracic neurons

(v) secondary spike activity following stimulation with a latency of ca. 600 ms
and graded potentials exhibiting remarkably long time constants of several
hundred milliseconds

Several of these mechanisms lead to a closer correspondence of neuronal
activity to species specific behaviour than found in the thorax.
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Appendix

Solutions used in the experiment

Phosphate buffer saline (PBS)

11.5 g Na,HPO,

2.96 g NaH,PO,4 x 2 H,O

5.84 g NaCl

Dissolved in 1 litre distilled H,O and adjusted to pH 7.4.

Phosphate buffer saline-tween (PBST)

11.5 g Na,HPO,

2.96 g NaH,PO,4 x 2 H,O

5.84 g NaCl

Dissolved in 1 litre distilled H,O and adjusted to pH 7.4. Subsequently, 1 mL
Tween 80 was added and stored at 4.

Saline solution (Fielden 1960)

1.5 g NaCl

0.02 g KClI

0.04 g CaCl,

0.04 g NaHCO3

0.18 g TES (N-tris[hidroxymethyllmethyl-2-aminoethanesulfonic acid)

Dissolved in 200 mL distilled H,O and adjusted to pH 6.8. The saline solution was
then stored at 4C.
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Neurobiotin detection

Procedure for the neurobiotin detection (modified a fter Mesce et al. 1993)

10.
11.
12.

Fixation of dissected brains in 4% paraformaldehyde dissolved in phosphate
buffer saline (PBS) for 2 hours at 4C

Stepwise dehydration in ethanol (70%, 90%, 96% and 100%) for 10 min.
each

Permeabilisation with Xylol (Merck) for 5 min.

Stepwise rehydration in ethanol (100%, 96%, 90% and 70%) for 10 min.
each

Washing two times with PBS for 10 min. each

Incubation of the brain in a solution of 1 mg collagenase and 1 mg
hyaluronidase per 1 mL PBS at 37<C for 1 hour

Washing two times with PBS for 15 min. each

Washing three times with phosphate buffer saline-tween (PBST) for 15 min.
each

Incubation in streptavidin-Cy3 (Rockland Immunochemicals) or fluorescein
streptavidin (FITC, Vector Ilaboratories) (1:200 in PBST) at room
temperature over night

Washing three times with PBST for 15 min. each

Washing three times with PBS for 15 min. each

Stepwise dehydration in ethanol (70%, 90%, 96% and 100%) for 10 min.
each
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List of Abbreviations
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T
ca.
CB
CDI
cm
CNS
dB
dur.
e.g.
EPSP
et al.

IPSP
kHz
min.
MHz
mL
mm
ms
MQ

nA
PAD
PBS
PBST
PTX
SPL
SD
SE

MO
um

degree Celsius

circa

central body

corollary discharge interneuron
centimetre

central nervous system
decibel

duration

for example

excitatory postsynaptic potential
et alteri

gram

inhibitory postsynaptic potential
kilohertz

minute

megahertz

millilitre

millimetre

millisecond

mega ohm

number of specimen

number of single values

nano ampere

primary afferent depolarisation
phosphate buffer saline
phosphate buffer saline-tween
picrotoxin

sound pressure level

standard deviation

standard error

microgram

micrometre
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